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PROGRAM SUMMARY

The last year effort has culminated this program by demonstrating

that the high temperature strength of polyphase Si3N4 could be at least

doubled by post-fabrication oxidation treatment. Specimens of various poly-

phase Si3t4 materials fabricated in the Si-Mg-O-N system and commercial NC-132

were subjected to oxidation treatments prior to flexural strength determina-

tions at 14000C. The strength increase for three series of experimental

materials was dependent on their initial composition, which also governed

their oxidation kinetics. The flexural strength of NC-132 measured at 14000C

increased from 40,000 psi to 84,000 psi after an oxidation treatment at

1500°C/300 hrs. Compositional changes as determined by x-ray analysis showed

that the composition shifted towards the Si3N4-Si2N20 tie line, strongly

suggesting that the volume fraction of the glassy phase decreased during oxi-

dation. This is consistent with a previous study of the oxidation behavior of

these materials (D. R. Clarke and F. F. Lange, J. Am. Ceram. Soc. 63, 586

(1981). Details of this work are found in Appendix 1.

Another approach to decrease the glassy phase content was also

attempted. This approach was to promote compositional changes by heat-

treatment in argon. Predictable compositional changes did occur, and high

resolution electron microscopy revealed that the glass phase did decrease.

Although this study did result in a greater understanding of environmental

interactions, the depleted layer was highly porous and this approach resulted

in a weaker material. Details are reported in Appendix 2.

The culmination of this work resulting in a significant method to

strengthen poor polyphase Si3N4 materials was a result of a directed effort

relating fabrication, phase equilibria, microstructure and properties. Work

was started by illustrating that sub-critical crack growth, which is respon-

sible for high temperature strength degradation, was caused by the cavitation

* of the viscous phase adjacent to the slowly propagating crack (see

Appendix 3). Work proceeded by determining the lowest temperature eutectic
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composition in the Si3N4-Mg2SiO 4-MgO portion of the Si-Mg-O-N system (see

Appendix 4). This work showed that the volume fraction of the residual glass
phase, which was assumed to have a composition close to the eutectic composi-

tion, could be related to the bulk composition. That is, using the level rule

for phase diagrams, bulk compositions closer to the eutectic composition will

contain a greater proportion of the eutectic melt and therefore, a greater

proportion of the residual glassy phase. This result explained why composi-

tions in this system with an MgO/Si0 2 molar ratio of -2 exhibited lowest

strength at 1400 0C (F. F. Lange, J. am. Ceram. Soc. 61, 53 (1978)). Namely,

the join between Si3N4 and the lowest eutectic occurs at a MgO/SiO2 molar

ratio of 1.6.

During this same period, it was shown that the surface pits developed

during the oxidation of Si3N4 materials fabricated in the Si-Mg-O-N system was

due to iron-type inclusions. These surface pits introduce a new and unwanted

flaw distribution. Details are presented in Appendix 5.

Since high temperature strength degradation was linked to cavita-

tional creep, and the volume content of the glassy phase was linked to com-

position through phase equilibria, effort was then directed to understand the

creep behavior as a function of composition. Results of this effort showed

that two different and concurrent creep mechanisms exist, viz. diffisuional

creep and cavitational creep. The dominance of one mechanism over the other

was governed by the volume fraction of the liquid phase. Cavitational creep

would dominate for compositions closer to,the eutectic, i.e., compositions

containing a greater proportion of the glassy phase. Diffusional creep would
dominate for composition furthest from the eutectic (see Appendix 6). It was

also observed that the cavitational creep would also dominate at higher

stresses, whereas, at lower stresses, diffusional creep would predominate

(Appendix 7).

Viscoelastic effects in these materials were also characterized with

high resolution electron microscopy (Appendix 8).

2
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During this same period, the high temperature creep and oxidation

resistance of a new material fabricated in the Si-Sc-N-0 system was also

characterized. Although this material was difficult to fabricate, its high

temperature properties were superior to other known polyphase Si3N4 materials

(Appendix 9).

Creep work was terminated after two further studies. The first was
the determination of the temperature dependence of materials that either
exhibit cavitational creep or diffusional creep (Appendix 10). The second

study resulted in the significant observation that the creep resistance could

be greatly improved by a pre-oxidation treatment (Appendix 11). This observa-

tion led to the significant method of strengthening polyphase Si3N4 materials

which culminated this program during the last year.

In addition to the above directed work, one other study was performed

to illustrate the development of compressive surface stresses due to molar

volume changes induced by oxidation. This work was carried out with several

materials fabricated in the Si-Ce+ 3-0-N system. The Ce-apatite crystalline

phase oxidizes to CeO2 and SiO 2 to produce a molar volume change of 415%.

Oxidation of this secondary phase at temperatures between 400-6000C results in

surface compressive stresses which can aid in strengthening. Another

significant observation was that these surface stresses could be relieved at

the higher temperatures by the extrusion of the oxidation products to the

surface (Appendix 12).

Further details for each of these studies are given in the Appendices.

3
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APPENDIX 1

STRENGTHENING OF POLYPHASE Si3N4 MATERIALS THROUGH OXIDATION

F. F. Lange, B. I. Davis and M. G. Metcalf
Structural Ceramics Group

Rockwell International Science Center
Thousand Oaks, California 91360

ABSTRACT

Specimens of various polyphase Si3N4 materials fabricated in the

Si-Mg-O-N system and commercial NC-132 were subjected to oxidation treatments

prior to flexural strength determinations at 1400 0C. It was demonstrated that

a pre-oxidation treatment could significantly improve the high temperature

strength. The compositional change induced by oxidation which can decrease

the volume fraction of the viscous phase present in these materials at high

temperatures is believed to be responsible for the observed strengthening.

1 7
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1.0 INTRODUCTION

The continuous glassy intergranular phase that exists in most (if not

all) polycrystalline Si3N4 materials plays an important role in both oxidation

and mechanical property phenomena.1 At high temperatures, this intergranular

phase becomes viscous and both a path for fast diffusion2 and a source for

stress-induced cavitation.3 Oxidation phenomena takes advantage of this con-

tinuous viscous phase for inward and outward diffusion of oxidation reactants

and products.2 The viscous phase is responsible for mechanical property

degradation at high temperature. Under stress, it is a path for material

rearrangement (diffusional creep). 3 The propensity of the viscous phase to

cavitate under stress is responsible for the slow-crack growth phenomena by

polyphase Si3N4 at high temperatures and thus, its strength degradation.

Previous investigations have shown that oxidation resistance,2 ,5

creep resistance3 and high temperature strength5 of polyphase Si3N4 fabricated

in the Si-Mg-O-N system depends on its composition. All three of these prop-

erties decrease as the material's composition moves closer to the eutectic

composition in the Si3N4-Si2N2O-Mg2 SiO 3 compatibility triangle.
6 These obser-

vations strongly suggest that the volume fraction of the glassy intergranular

phase, which governs diffusional flux and cavitational propensity, is deter-

mined by the lever rule developed for determining phase content from phase

diagrams. That is, the composition of the glassy phase is similar to the

eutectic composition (i.e., the last liquid to solidify after fabrication) and

its volume content depends on the bulk composition relative to the eutectic

composition. Thus, within the limits of the compositions studied, the volume

fraction of the glassy intergranular phase appears to increase as the bulk

composition moves closer to the eutectic composition.

Discovery that the creep resistance of several different polyphase

Si3N4 materials could be improved by a pre-oxidation treatment
7 ,8 was our

first indication that the high temperature strength may also be improved by

the same treatment.

2
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During this same period, results of oxidation studies2 had shown that

compositional change is not only exhibited by the formation of a silicate sur-

face scale, but also by a gradient of both the additive cation and the crys-

talline phases from the surface to the interior. As detailed elsewhere,2 the

additive cation and cation impurities that reside in the glassy intergranular

phase diffuse to the surface in an attempt to equilibrate the glass composi-

tion with the Si0 2 formed by the oxidation of Si3N4 . This outward diffusion

forms a gradient of depleted additive (and impurity) cation(s). Oxygen, in

the glassy phase originally associated with the outward diffusing cation(s),
is left behind to react with Si3N4 to form Si2N20. The volume fraction of the

glassy phase is thus reduced by its loss of both the outward moving cation(s)

and the oxygen which reacts to form Si242O.* Thus depending on the initial

bulk composition, the glassy intergranular phase can be a fugitive of the

oxidation process.

The compositional gradient produced by oxidation can best be visual-

ized by the following demonstration. Oxidize a polyphase Si3N4 specimen for a

period sufficient to form a relatively thick surface scale. Section the

specimen and re-expose the freshly cut surface to a much shorter oxidation

period. Upon examination, the sectioned surface will reveal the compositional

gradient due to the greater oxidation resistance (and thus thinner scale) of

the cation depleted zone. An example is shown in Fig. 1 (initial composition:

0.755 Si3N4 , 0.120 Si0 2 , 0.125 MgO; oxidized 300 hrs at 14000C in air, sec-

tioned and reoxidized for 0.5 hrs 1400°C). Quantitative microchemical and

x-ray analysis of this same cross section as presented elsewhere2 also shows

that the compositional change produced by oxidation extends to the center of

this specimen.

*Equllibrium considerations may also require that the viscous phase maintain

its original composition. If this is the case, a portion of the SiO 2 in the
viscous phase can react with the S13N4 to produce Si2N20 which further
reduces the volume fraction of the viscous phase.

3
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It was therefore concluded that since detrimental glass phase can be

a fugitive of the oxidation process, oxidation could improve the high tempera-

ture mechanical properties as first discovered during creep experiments and as

it will now be demonstrated through strength measurements.

2.0 EXPERIMENTAL

The object of this study was to determine the effect of a pre-

oxidation treatment on the high temperature strength of polyphase Si3N4.

Materials fabricated in the Si-Mg-O-N system were chosen for this study.

Since prolonged oxidation is known to produce surface pits in these mate-

rials 9'10 which introduce a detrimental, new flaw population, pre-oxidized

specimens were reground to remove the surface pits prior to strength

determinations.

The first group of bar specimens examined were diamond cut and ground

from 19 different materials which form three series of compositions previously

investigated at high temperatures in studies concerning strength, 5 creep3 and

oxidation resistance.2 Materials in each series contained a fixed mole frac-

tion of Si3N4 (either 0.91, 0.833 or 0.755) and a given MgO/SiO2 molar ratio

that could range between 0.1 and 11. Fabrication details have been presented

elsewhere.5 All 19 specimens were placed on a reaction-bonded Si3N4 setter

with raised knife-edge contracts and oxidized together in air at 1400°C for

300 hrs. The specimens were weighed before and after oxidation. After oxida-

tion, each specimen was separately surface ground until surface pits, formed

to various depths on the different materials, were no longer observed by

visual inspection with a binocular microscope.

The second group of specimens were cut from a large billet of NC-13
2

hot-pressed Si3N4 obtained recently from the Norton Company. This group was

separated into different sets. Flexural strength measurements were made at

room temperature and 14000C without a preoxidation treatment. The other sets

were subjected to oxidation in air at either 1400*C or 1500°C for various

4
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periods prior to regrinding and strength determinations at either room tem-

perature or 14000C. The amount of material removed by regrinding was depen-

dent on the depth of the surface pits formed during oxidation as discussed

above.

All flexural testing was performed on bar specimens (approximate

dimensions of 0.3 x 0.6 x 3.2 cm) using a 4-point loading device with inner

and outer spans of 1.27 cm and 2.54 cm, respectively, and a cross-head speed

of 0.05 cm/min. X-ray diffraction analysis was used to determine the crystal-

line phase content of the surfaces of the unoxidized and oxidized, reground

specimen; intensity ratio of the (111) Si2N20 and (200) Si3N4 diffraction

peaks determined by an area analysis was used to report compositional changes.

3.0 RESULTS

3.1 Compositions with Various MgO/SiO 2 Ratios

Table 1 lists the specimens, their initial compositions, their weight

gain during oxidation per unit area, and their flexural strengths (1400 0C in

air) after the 1400°C/300 hr oxidation treatment. The second from last column

lists the average flexural strengths previously measured at 1400C with speci-

mens cut from the same billet. The last column lists the percent change in

strength due to the pre-oxidation treatment. Figure 2 illustrates, for com-

parative purposes, the strength data (room temperature, 1400 0C, and pre-

oxidized, 14000C) for the series containing 0.91 mole fraction Si3N4.

Both Table 1 and Fig. 2 illustrate that a pre-oxidation treatment can

significantly improve the high temperature strength of polyphase Si3N4 mate-

rials. Within each series, the largest increase occurs for compositions with

an MgO/SiO 2 molar ratio between 1 to 3. Also, compositions with MgO/SiO 2 > 4

exhibit a strength decrease after oxidation.

Flexural strength calculations assumed an elastic stress-strain

behavior. Data obtained previously for unoxidized specimens tested at 14000C

with an MgO/SiO 2 ratio ranging between I to 3 exhibited a non-elastic behavior

5
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upon stressing to failure, indicative of lower strengths than reported in

Table 1 and Fig. 2. On the other hand, all pre-oxidized specimens did exhibit

an elastic stress-strain response to failure. Thus, the strength difference

for compositions within this range of MgO/SiO 2 ratios is even greater than

that reported in Table 1.

Figure 2 reports the Si2N20/S13N4 ratio determined on ground surfaces

of both unoxidized and oxidized (1400*C/300 hr) specimens. This ratio is

plotted as a function of the initial MgO/SiO 2 molar ratio. Data for the

unoxidized specimens are representative of the material's bulk. But because

oxidation produces a gradient in the Si2N20/Si3N4 ratio,
2 data for specimens

subjected to oxidation are only representative of the depth for which material

was removed by grinding to eliminate surface pits. Although data for the

oxidized specimens are not representative of its bulk, it does show that com-

positional changes as outlined in the introduction did take place, i.e., the

average bulk composition decreases its MgO/SiO2 ratio and shifts toward the

Si3N4-Si2N20 tie line. Note that the larger changes occur for materials with

an initial MgO/SiO 2 molar ratio between 0.5 and 3.0.

3.2 Commercial Si3N4 Material

Table 2 lists the oxidation treatments for which the specimens of

NC 132 were subjected. As shown, most of the specimens were subjected to

various periods of oxidation at 1400C prior to regrinding and strength test-

ing. After it was discovered that excessive periods (>500 hrs) at 14000C were

required to achieve modest strength gains at high temperatures, the remaining

specimens were oxidized at 1500 0C. As indicated in Table 2, significant

strengthening can be achieved by a pre-oxidation treatment at 15000C. It was

also demonstrated that such a treatment did not impair the room temperature

strength. A detailed description of these results now follows.

Flexural strength measurements of unoxidized specimens at 250C and

14000C resulted in an average strength of 878 MWa and 282 MPa, respectivity.

The load-deflection response of these specimens at 14000C was nonlinear

6
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Table 1. Oxidation and Strength Data for Si-Mg-O-N
Compositions Oxidized at 1400*C/300 Hr

Prior
Initial Composition MgO/SiO Weight Flexural Flexural %
(mole fraction) Molar Ratio Changl Strength Strength Change

Si3N4  MgO SiO 2  (mg/cm ) (MPa) (MPa)

0.910 0.020 0.070 .29 0.93 482 343 +40

0.910 0.030 0.060 .50 1.36 534 339 +57

0.910 0.040 0.050 .80 1.74 445 307 +45

0.910 0.055 0.035 1.57 1.78 327 183 +79

0.910 0.065 0.025 2.60 2.39 500 269 +86

0.833 0.015 0.152 0.10 0.21 452 287 +58

0.833 0.030 0.137 0.22 1.40 420 352 +19

0.833 0.040 0.127 0.31 2.09 319 341 -7

0.833 0.052 0.110 0.47 2.02 452 334 +35

0.833 0.085 0.082 1.04 3.34 377 211 +79

0.833 0.120 0.047 2.55 5.31 350 280 +25

0.833 0.144 0.023 6.26 4.72 411 476 -14

0.755 0.020 0.225 0.09 0.93 405 225 +80

0.755 0.055 0.190 0.29 1.92 455 269 +69

0.755 0.085 0.160 0.53 3.18 449 279 +61

0.755 0.125 0.120 1.04 4.30 338 199 +70

0.755 0.155 0.090 1.72 4.41 510 193 +164

0.755 0.190 0.055 3.45 4.47 500 414 +21

0.755 0.225 0.020 11.25 5.94 324 408 -26

7
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Table 2. Flexural Strength Results for Commercial Si3N4

Oxidation Test Wt. Gain/ Depth Average Weight
Treatment Temp Number Area Removed Strength Parameters

Temp Time m
* (0C) (hr) (0 ) (mg/cm2 ) (cm) (MPa) (M~a)

None 25 7 878 8 924

None 1400 8 - - 282 (±4%)**

1400 50 1400 3 1.61 0.015 254 (±4%)

1400 100 1400 3 2.13 0.020 256 (±7%)

1400 256 1400 4 - - 288 (t8%)

1400 332 25 8 2.39 0.020 982 15 1014

1400 332 1400 8 2.39 0.020 280 24 286

1400 548 1400 3 -* 0.020 376 (±6%)

1500 206 25 7 -* 0.050 805 11 834

1500 206 1400 7 -* 0.050 482 17 496

1500 306 1400 5 -* 0.050 571 (±3%)

* Scale flaked off during oxidation.

** Numbers in brackets denote percent difference of either maximum or minimum
strength values from average.

8

C/3237A/cb



* #Rockwell International
Science Center

SC5099.4FR

indicating extensive creep during strength testing. Although the strength of

these specimens at 1400% is listed as 282 MPa, the author recognizes that the

material's true strength could be significantly lower due to the extensive

creep and the use of an elastic solution to calculate strength.1' In addi-

tion, the area of subcritical crack growth could easily be distinguished as

previously reported,12 i.e., the fracture area traversed by the slowly moving

crack can be distinguished by a rougher topography caused by extensive
cavitation.

Short periods of oxidation (50 hr) prior to strength testing resulted

in a nearly linear load-deflection response. After a pre-oxidation period of

100 hrs the load-deflection response was linear to fracture. Judging the

first results obtained on the materials fabricated by the author (see

Section 3.1), high temperature strengthening was expected for oxidation

periods of -300 hrs at 1400%. But contrary to this expectation, modest

strengthening was not observed until the oxidation period at 1400C was

increased to 548 hrs. It then became obvious that significant strengthening

could be achieved within a more reasonable period by increasing the oxidation

kinetics by increasing the oxidation temperature. It was thus demonstrated

that a pre-oxidation treatment of 300 hrs at 1500 0C could raise the 1400 0C

strength of NC 132 from <30% to 70% of Its room temperature value. It is

expected that longer periods at 1500 0C or higher temperatures will result in

further strengthening.

Another objective was to determine if the pre-oxidation treatment

might influence the lower temperature strengths. As indicated in Table 2,

room temperature strength measurements were obtained with reground specimens

after oxidation treatments of 1400°C/332 hr and 1500°C/206 hrs. Data obtained
after the 1400°C/332 hr treatment indicates a modest strengthening (-12%), and
as shown in Fig. 3, a narrower strength distribution. As shown in Fig. 3, the

1500C/206 hr treatment resulted in a strength distribution similar to that

obtained at room temperature for specimens that were not subjected to a pre-

oxi dation treatment.

9
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Figure 3 also reports the Weibull strength statistics of the high

temperature data where linear load-deflection response was observed. Table 2

reports the two Weibull parameters for these data. As indicated, minimal

strength scatter is observed for all high temperature results. This is indi-

cative of slow-crack growth as first pointed out by Charles.13  It should be

noted that although slow-crack growth was prevalent at high temperatures, the

fracture surface did not reveal any topographical difference between the slow

and fast crack growth regions.

Attempts were made to obtain oxidation kinetics through weight change

measurements. As shown in Table 2, data was limited to the shorter periods at

14000 C. The oxide scale flaked off at longer periods and during the 15000C

treatments. Table 2 also shows that the surface pits were deeper fur longer

oxidation periods or higher temperature. One oxidized specimen (1400°C/332 hrs)

tested at 14000C without regrinding resulted in a strength of 165 MPa. This

much lower strength was due to fracture initiating at a deep surface pit.

The x-ray diffraction analysis results obtained from the ground sur-

faces of specimens subjected to various oxidizing treatments are shown in

Fig. 4. Conversion of the S12N20/Si3N4 intensity ratio to weight percent

Si2N20 was carried out according to the calibrated method described by Mencik

and Short.14 This analysis, as used here, assumed no other phase present

other than either Si2N20 or Si3N4 . As shown in Fig. 4, the Si2N20 content

increases rapidly for short periods of oxidation at 14000C and then levels off

at longer periods. Oxidation at 1500C promotes a greater compositional

change.

4.0 DISCUSSION

As detailed above, the high temperature strength of polyphase Si3N4

materials can be significantly improved by an oxidation treatment. For the

system chosen for examination here, which develops surface pits during oxida-

tion due to localized surface reactions with Fe-type inclusions,10 surface
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C/3237A/cb



Rockwell International

Science Center

SC5099.4FR

regrinding is necessary to realize these strength improvements. It is

expected that for other material systems that do not exhibit surface pitting

(e.g., materials in the Si3N4-Si2N2O-Y2Si2O7 system), regrinding may not be

necessary.

The strength improvements can be related to the compositional changes

induced by oxidation. Oxidation shifts the average bulk composition towards

Si2N20. This compositional shift changes the volume content of the liquid in

equilibrium with the crystalline phases. Most of the materials studied here

had initial compositions within the Si3N4-Si2N2O-Mg2SiO 4 compatibility

triangle, which contains the lowest melting eutectic of the two compatibility

triangles in which Si3N4 is an equilibrium phase.6 For these materials any

compositional shift towards the Si3N4-Si2N20 tie line will decrease the volume

content of the eutectic melt and thus result in a strengthening. On the other

hand, for compositions in the Si3N4-Mg2SiO 4-MgO compatibility triangle
(MgO/SiO 2 > 2), a small compositional shift toward the Si3N4 -Si2N20 tie line

would move the composition into the Si3N4-Si2N2O-Mg2SiO 4 compatibility

triangle to increase the volume fraction of the eutectic melt (and therefore

the residual glass phase) and thus result in a strength decrease. This is

observed for the two materials in series 2 and 3 (Table 1) with the highest

initial MgO/SiO 2 ratios. Further oxidation resulting in a greater composi-

tional shift should again produce a strengthening for these two materials.

The extent of the oxidation required to produce a desired strengthen-

ing will depend on the material's initial composition, which controls its ini-

tial oxidation kinetics,5 and on temperature, which also controls oxidation

kinetics. Impurities must also be included in considering the material's

composition. Impurities not only help govern the eutectic composition, its

melting temperature and its volume fraction, but they can also diffuse to the

surface during oxidation.2 Thus a specific oxidation treatment scheduled

cannot be presently recommended for an arbitrary composition without analit-

ical relations between oxidation kinetics, compositional change and residual

glass phase contents.
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The question of to what depth from the surface an oxidation treatment

can produce the compositional change required for significant strengthening

has not been answered here. Previous experiments involving quantitative com-

positional measurements show that for specimens of the size used here (-0.3 cm

thick), a significant compositional change does occur at the center of the

specimen after -300 hr at 14000C. For the specimens treated here, the thick-

ness was reduced by 15% to 35% by surface grinding. Judging from the composi-

tional profiles obtained from the previous studies, it appears that much of

the steep portion of the compositional gradient was removed. This suggests

that the compositional changes reported in Figs. 3 and 5 are nearly repre-

sentative of the specimen's center.

Another interesting result was the slight strengthening obtained at

room temperature after the 14000C/332 hr treatment. Oxidation reactions

produce both molar volume changes and compositional gradients. Either one or

both of these phenomena will produce residual surface stresses. The reaction

2Si 3N4 + 1.5 02 + 3Si2N20 + N2 results in a molar volume increase of -20%.

Although most of the compressive stresses produced by this volume increase are

expected to relax during oxidation, some may remain to produce the apparent

room temperature strengthening observed after the 14000C/332 hr treatment.

In conclusion, it has been shown that a pre-oxidation treatment can

significantly increase the high temperature mechanical properties of dense,

polyphase Si3N4 without affecting their low temperature strength. Oxidation

resistance is also significantly improved by this treatment. This observation

suggests that Si3N4 compositions that can easily be sintered because of a
large amount of a liquid phase, but have poor high temperature properties can

be improved by a post-fabrication oxidation treatment.
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Fig. 2 Flexural strength data for the series containing 0.91 mole
fraction Si3N4 . Data include the 5 specimens subjected to
a 14000C/300 hr pre-oxidation treatment.
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* prior to and after the 14000C/300 hr pre-oxidation trea?-

ment as plotted against the initial Mg o/SiO2 molar ratio.
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APPENDIX 2

COMPARISON OF ARGON AND AIR HEAT TREATMENTS
OF HOT PRESSED SILICON NITRIDE

D. R. Clarke
Rockwell International Science Center

Thousand Oaks, California 91360

INTRODUCTION

The majority of silicon nitride alloys densified with an additive

contain a continuous intergranular glass phase.1-3 This may act as a fast, or

short circuit, diffusion path enabling rapid transport of ions from the

interior of the material to the surface or vice versa. Such an effect has

been demonstrated4 ,5 during a study of the oxidation of hot-pressed silicon

nitride materials. On oxidation it has been found that an oxide scale, rich

in impurity and additive cations (e.g., Mg, Ca, Fe, Na), is formed on the

surface4,6-8 and a concentration gradient of the additive cation (Mg or Y for

instance) is established below the scale 4 ,9 together with a concentration

gradient of Si2N20 into the interior of the material. 4 ,5 These observations

have been rationalized4 on the basis of an effective diffusion couple formed

between the surface S10 2, created by the oxidation intergranular phase with

migration occurring through the intergranular phase in an attempt to equil-

ibrate the diffusion couple. Thus the effect of the oxidation is to draw both

impurity and additive cations to the surface from the intergranular phase

reducing the volume fraction of the phase and decreasing its impurity concen-

tration.4  As a result there Is a consequential improvement in the high tem-

perature strengthi0 and creep resistance 1l of the materials.

An alternative approach to modifying the intergranular phase has been

suggested by Morgan et al, 12 who have shown that heat treating silicon nitride

materials in an argon gas atmosphere chemically reduces the crystalline oxide
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phases present. As the intergranular phase is also an oxide containing

phase 13 it might be expected that it too may be reduced. This suggestion is

tested in the present work together with the possibility of combining heat

treatments in air and in argon gas to both decrease the cation impurities and

reduce the intergranular glass phase.

EXPERIMENTAL DETAILS

A MgO hot-pressed silicon nitride, having a composition 0.755 mol

Si3N4 , 0.90 mol Si0 2 , 0.155 mol MgO, was chosen to compare the effects of

differing heat treatments. The material was prepared by ball milling com-

posite powders in methanol, drying atid subsequently hot-pressing at 1750°C in

graphite dies for two hours. Five rectangular bar samples were cut from the

hot pressed billet. Two of the samples were oxidized by heating in air at

14000C for 300 hrs. One of these two was then heated together with two of the

remaining samples in flowing, high purity argon gas at 1400C for 300 hrs.

Then, one of the samples heat treated in argon was oxidized for 300 hrs at

1400C in air. The fifth sample was not heat treated and was used as a con-

trol. In this manner the effects of heating for a prolonged period in air,

argon, air followed by argon, and argon followed by air could be compared.

RESULTS

After the heat treatment, both the sample heated in air and the one

in argon followed by air exhibited a visible, white scale. The other two
materials were free of any scale and appeared greenish in color. These were

also rather soft, resembling chalk in leaving a mark on sliding along a piece

of wood. In addition, the sample heated first In argon, then in air contained

large cracks along the length of the sample (Fig. 1).

X-ray diffraction patterns were recorded from both the surface and

from a region, just below (-0.1 mm) the surface, exposed by grinding away any

surface scale. The crystalline phases detected on the surface and below the

2
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surface are listed in Tables I and II, respectively. The most notable finding

is that on oxidation Si2N2O is formed in the interior of the sample whereas on

heating in argon any Si2N20 below the surface is removed. Also on oxidation,

either of the as-fabricated material or of an argon heat-treated sample, a

scale consisting of MgSiO 3 and SiO 2 is formed. In the case of the sample

first heated in argon SiO2 is detectable below the surface as well as in the

scale.

The surface scales produced by heating in air were indistinguishable

from those previously reported for the oxidation scales on hot-pressed

Si3N4 . The morphology is illustrated by the scanning electron micrograph of

Fig. 2. X-ray microanalysis indicated the scale to be rich in Mg, Ca, Al and

Fe. The surfaces produced by exposure to argon at 1400 0C were quite distinct

(Fig. 3) being porous and having whisker-like growths. Only Si, Fe and W were

detected on the surface by x-ray microanalysis. The surface of the sample

first heated in air and then in argon was similar.

With the exception of the material heated in air the depth of the

alterations produced by the various heat treatments could be readily seen in

polished cross sections of the samples. These are reproduced in the optical

micrographs of Fig. 4. The mottled appearance is attributable to regions of

porosity. The interface between the unaffected core region and the altered

sheath region is quite abrupt as is illustrated by the SEM of the polished

cross section of the material heated first in air then in argon (Fig. 5). The

depth of alteration is appreciable; 1.5 mm for the sample heated in argon.

The microstructure of the sample heated in argon was investigated by

transmission electron microscopy. In the core region the microstructure was

similar to that previously reported1 ,3 for the hot-pressed material consisting

of silicon nitride grains with the glass phase principally located at three

and four-grain pockets and also along the two-grain junctions. Samples from

just below the surface were difficult to prepare on account of the friability

of the material. Nevertheless, the material in the sheath region was similar

to that of the core region with the significant exception that instead of the

3
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intergranular phase at the three- and four-grain junctions there were

cavities. This is illustrated by the transmission electron micrograph of

Fig. 6 where cavities have formed at the largest grain-junctions but not at

the smallest. The intergranular phase at the two-grain junctions has remained

intact In this region as is indicated by the characteristic 14 bright lines in

the dark field image of the figure. The micrograph also indicates that in

this region the glass phase in the three-grain junction pockets has not been

entirely reduced but some remains coating the grains.

DISCUSSION

The experimental results described above demonstrate that substantial

internal compositional changes, with consequential microstructural alteration,

can be produced by heat treatments in reducing and oxidizing environments. No

such changes are found in CVD silicon nitride. The depth of the changes below

the surface and the modification of the intergranular phase indicate that

rapid diffusion along the continuous intergranular phase is responsible for

the magnitude of the effects observed.

The observation that the intergranular glass phase can be removed by

heating In an argon atmosphere is consistent with the findings of Morgan et al

that crystalline oxide phases, notably Si2N20, in silicon nitride disappear

under the same conditions (see Table II also). The porosity noted at three-

and four-grain junction pockets by transmission electron microscopy indicate

that continuous, interconnected open channels into the interior of the silicon

nitride are produced by prolonged exposure to argon at 1400 0C. It seems

likely that the intergranular phase is also removed from the two-grain junc-

tions, albeit at a slower rate due to their narrower (-4 mm) width, but diffi-

culties In transmission electron microscope sample preparation due to the

fragility of the material near the surface, precluded the necessary observa-

tions. The development of a network of continuous channels into the material

is consistent with the observation that on subsequent heating in air for ,

300 hrs at 14000C S1O 2 (as cristobalite), the oxidation product of S13N4, was

4
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detectable by x-ray diffraction in the interior of the material; Si0 2 is not

normally found below the oxide scale on oxidation of fully dense silicon

nitride as reported elsewhere and in Table I. The formation of SiO 2
(cristobalite) within the silicon nitride material and the subsequent volume

increase on cooling is thought to be responsible for the observed cracking of

the material (Fig. 1). One question that remains unanswered is the form and

microstructural location of the additive and impurity cations, normally
present in solution in the intergranular phase, after the argon gas heat-

treatment. However, it is clear that they remain within the material because

on subsequent oxidation of the material they are detectable in the surface

oxide scale, by x-ray microanalysis and by the formation of clino-enstatite

(MgSi0 3 ), just as is the material subjected to only an oxidation treatment.

Together the results suggest that a post-fabrication heat treatment

for hot-pressed silicon nitride consisting of an oxidation step, to draw out

the impurity and cation impurities, followed by controlled a reduction step to

decrease further the volume fraction of the intergranular phase may lead to

materials having improved high temperature properties.
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Table I

Crystalline Phases on Surface After Heat Treatment at 1400*C

Heat Treatment Phases

Air, 300 hr MgS103, Si02

Argon, 300 hr B-SiAN, WC, WS12

Air, 30 hr 4 -Si3N, WC, WSi2
Argon, 300 hr

Argon, 300 hr + Mgi 3  i 2  iN4
Air, 300 hr

Table II

Crystalline Phases -0.1 mm Below Surface After Heat Treatment at 14000C

Heat Treatment Phases

Air, 300 hr a-Si3N4, Si2N20' wc

Argon, 300 hr O-SiAN, WSi2, WC

Air, 300 hr + O-SiAN, WSi2, WC
Argon, 300 hr

Argon, 300 hr + 5-SiAN, S12N20, Si02, WC
Air, 300 hr
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subcritical crack growkth " Since some St.,%, materials contain an
amorphous phase."~ and %tice certain compositions fabricated in
the stsem Si.N,-SiO2.- MgO ontaining CaO impurities can hase
eutectics <1400 C." the formation and linking of ca' ities, in the
liquid phase ahead of a crack has been suggested as a mechanism for
slow, crack groih."I Obsersation% in the present work con-
firmed this mechanism

Specimens k'2'-; tor a pies ious stIuds.' fabricated %kiih composite

MgO/SiO2 molar ratios wkere fractured in 4-point bending all 1400podr cotiigafxdmlrcotn SN n ayn
in air. cooled to room temperature. and refractured %kith a chisel to
re\ eal the microstructure undetl% ing the high-temperature fracture
surface. Fracture surfaces were examined %ith an SEMI.

The high-temperature fracture surface appeared oxidized (to dif-
ferent degrees depending on composition (Ref I )) Areas of slow
crack growsth similar to those pie% toush reported could be easilN
identified for compositions, uith an MgC;iSiQ 2 ratio < 2. Typicall'..
these areas contained thin wedges of material of different sizes and
shapes which were tomn a%%ay from the main fracture surface but still
firrly attached at one end (see Figs. 3 and 4. Ref. I I). i.e. the
wedges were formed b) a large secondars crack which undercut a
volume of mnaterial. The large crack-opening displacement indi-
cated that extensive nonelastic deformation wias, associated with
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Fig. 1. Apparent viscous phase beiseen separating grains of SiN, show ing, (4 1 large void. (B) stringers,- and (C) complete separation of grain,
Obsersations made on room-temperature fracture surfai~e Awithin highly ca% itated zone underlying. 1400 C fracture surface

F I

both the material isthin the wedge and the secondlary crack Areas ~~~ . _ _ _

of fast crack growkth appeared relatively moh tls manfI I . w;_______
cations. At higher magnifications. the topographies of both the
slow - and fast -crack -grow th areas were indistinguishable. The to- '? , 1  t
pography w~as formed by the long prismatic Si:IN, gratns (wshich ku'
appeared to undergo extensive separation from one another) coated _Y %fti,.

s th a fluid-like matertal which could represent the oxidation prod-

Obsers ations of the room-temperature fracture surfaces adjacent
the h ig h-temperature fracture surfaces showked that the microstruc Z;
tre beneath the latter contained many voids, and large separations

between adjacent grains. Qualitative obsers ations indicated that the A

twsofmaterial th it or~iinlre the ternars eutectic w ithin the A5r

SiN ,-Si 2,N,O- Mg.2SiO, compatibility trianglet ' (e.g. either by de-
* creasing the Si,,N, content or by shifting tosw ard an MgO'StO, ratio-

of 1 .61 Within a given material. maximum void contents were
obesdbneath the areaof slow crack grovith. By obser% ing areas * -

at h ig h er m a gn ific at ions. es ide nc e w as o btained for wh at appe ared h-
to have been a viscous phase betwseen grain,, which had separated

Lduring fracture at 14(00 C. Figure I(A) shoss s the room- temperature ,
fracture surtace ot an apparent %iscoius-phasc " pocket" containing aftaf -%
a large -,oid. Fig I11B) showss -stringers" between two separating L

grains analogous to the stringers produced by printers ink between
two separating plates. and Fig. Il(C) show s th complete separation .fV 4

of two grain, %with the remnants of the % iscous phase adhering to the -

separated surfaces. Of the three. the latter was observed most
fireqent)

OccasionallN the room-temperature fracture surface would cut 2u-m4
through one of the tom wedges to reveal the microstructure of the
material ahead of the secondan crack. For example. in Fig. 2 the Fig. 2. Example of eavitation crack growth in prl. phasc SiN, t.4

secondlary crack had propagated by the formation and linking of Intersection of room-temperature and 1400 C fracture surfaces. showing
wedge separating from high-temperature fracture surface. Bif higher-

voids ahead of the crack.manfcto iwo eodncakwihpdudwdgofaerl
The present ev idence shows s that slovw crack gross, th in polyphase mgiiainsts fscnascakwihpour eg fmtra

Si,N, occurs by casitation and that a liquid can be pait of the
high-lemperature microstructure of these polyphase materials.
These obsers attons are consistent %Aith those reported by Tighe.t"
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F F Lang, Phase Reiatnin, mthe sstIemSN SiO,.Mg! 0aidTherterecla R Koswusl, -h1,i stru~turc (it Hot-Prerssed Silsin Nitrid, "d A1 l
,in Sitirewg, andi Oxidaioi,n 1 4,, S , 5 6t 1 5f, 197S, 1601 iS i1"

*IJ L IshI F F Lange and f S DiA,. (Ffietiiii SCIietd impuriis n the Hiih D R Clarkue and Gi Thomas. *Grain &oundarv Phases in a Hot Pressed Mg(i
Temperature Meshani"al Prciperties of

, 
HotiPressed SiN.%. J AEiWr,,t S I Flused Silicon Nitride.~ J 40i' rio' S. 60 111 (21 44i 9 5 (IQU

*n D2 w 1470,n "a F F Lange Eutecti, Siudie% in the Sis., SiNO hMg,Si0i.MgFi Sssiem-.
ID A Ri.hrr r -lie,. il mpuriiies c ite High Temperature Propertie% Pt submitied to the Ji........i; I 1 4,,, ,,,, ( ..... ....N .,

Hof Pressd S,,,nNIrid, 4,, C5. .. S 5i'' 52 171 SO) 62 i 19
7
11i F F Lange, pp 223 IShinCetami.' i High Peiiiirmanmn Applitinsil Edited

* If F LanV, High Temperature Strengh Ihhasior of Hoti.Preswod SiN.. F-', b) I JBurke A E- Cairum. usdR N katz Bnnii Hiil Chestnut Hill Ms- . 1074
denme fir Suh, riiii aiC( rasi Griuth- J Am i,,, . -57 7(2'1 K-n Ni Ii974,1 " F F Lange. pp 161 111 in Deteirmatient iti terai, Material% Leitted b% R C

'A G f'iswd S M wtiedirtairu -Crack PiipagatKIinutd Failure Prediion In Bradt and R E Tressler Plenum. New Vottu. 197A
Siii.iin Natick at Elevated Temperatures - J Afo,ii s S. , 9 21 270 7U i19741 :1 R Ra+. unpuistished work

. A (I rsari% L R Rusteli. and D % Richerson. 'Slios Crack Grnsih in I Tighe -Structurecoi Sliow Crack Inietlaces in Siiicon Nitri."J Aftir
CeramI. is meria tuLieamod Temperatures Mi-tra/1 Ti-oni A 6141707-160t973) S., 13 l71 45 63 (197Xii
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Eutectic Studies in the System Si3N4-Si 2N2 O-Mg 2SiO.,
F. F. LANGE*

Rock%%ell International Science Center. Thousand Oaks. Californi 91 W,

Melting experiments have established three important etutectics.S
in this s~stem: (1) the Si,%,-Ng.Si(), binar% eutectic compoisi-
tion. 0.*07Si,%.,0.93Mg SiO. at 1560 C. (21 the Sij..%0
Mg..SiO, binari. eatectic composition, 0.17Si.%A) -

0.83NMg.SiO, at 1525 C. and (3) the Si,-Si..N.O-NMg;Sio,
ternar% eutectic composition. 0.O4SiN, -0.lJSi.N.O)-

0.82MIg2SiO, at 15I5 C. Si.stematic replacement of Mg() sith AE~~

CaO in the ternar% eutectic reduced its melting temperature lii P, P!,tI.'

1325 C for a CaO Mg() molar ratio of 0.67. The results of this
studi are discussed in relation to fabrication. microstructure. - < -

and high-temperature strengths. *2~C

1. Introduction

V recent paper.' tssas sho~kn that the high-temperature strengt;
oSiN, hot-pressed A~ ith the aid ot Mg() is strong1% dependent

on the MgO'Si02, molar ratio. At 1400 C. strength minima w~ere Fig. 1. Phase diagram of the sstelm Si,N,-Si0 -%Mg0 i lusi-ating the
obsersed in three compoisitional series %k hen the Mg() SiO,, molir eulc~tis and [ie extentm I oundar ' curses dticermined in thc rwnt -srk
ratio approached 2 Since the high-temperature strength behas or t Subsohulia tic inc' %erc determined pre% iusl iRet I i Thc sesen MaSIL

polhphase SiN, allos is bee ed it, bec gosemed bt, a liquid phase. compsoin, aty represented (is tilled onles
these neA strength-compositiuinal obsers ations suggested that the
content ot the liquid phase. and thus the strength. shtould he related

tthe euteeties, withtn the sy~stem Work \ as therefore initiated to
dtrin eutectic compositions and temperatures w ithin the por-
tino hemsiNsemSi.,,SA-g0hereSiN is knowxn tobe an Pl~oRh thermocouple placed in a hole drilled in the graphite die to

equlibiumphae 'Sice he mpuit\ CO. s ko\4n t derae te dpthof hespec:imens The thermocouple %kjs reheaded ater
te high-temperature strength of Si.1N, MLO allos." the ettect ot each experiment, it could not he Used abt)se WKI( C in the Car-

Ca~n temeingtemperature oit one oit the ten- eutectics \Xa bondriceous eni iruinment
aso insestigated The results ot this xx ork \% ill he discussed in terms Atter cooling, each composition \x as examined tuir the chara,

of the expected equilibrium and nonequilibrium microstructures of trsiso etn eoxI5X .mle o~sti'tre
these pol~phase materials and the eftect ot these microstructures on trsiso etn eo 5X ,mle opsv ,fre

thehig -"empratre c,:an~al roprijs.spherical beads and abose 15W( C the molten comip.,,tin- ap-
the ightemeratre echnica prperws.peared to wset the graphite surface. Compositions %khikh exhibited

incomplete melting and or dens ilication retained the shapec of the

[L. Experimental Procedure container Specimens and graphite disks wxere not reused. nexi
poswder and container,, were used tor subsequent experimntsni

pPre\tiius wxork established that Si\, is an equilibrium phase ii When a composition \xas obsersed io melt. adia:ent. nexs cm-'l
txo compatibilitt, triangles oft the s~ stem Si,N -SiO ,-Mg0: positions wxere mixed to replace those that did nit mielt tor suh-
SiN,-MgO.Mg.SiO and Si,,'iNON2O Mg.-SiO,.5 This w ork also sequent experiments at losser temperatures. This priscedjre "sa,
indicated that the eutectics associated Axith these twxo compatibilit\ iterated until the lowsest melting composition. \u the euteii,
triangles might be close to the Mg.Sio, end-member. Thus. the composition. \wtas determined. U~sing tsso0 stacked graphite disks. up
insestigation ito determine eutecti, compositions and temperatures to 46 compositions could he insestigated in a single experiment
w~as concentrated in the Mg_.SiOgrich region of the system Si:,\'- Once the lowsest temar\ eutectic xxas determined, the ettect ot1
St,N 20-MgSiO, CaO on the melting temperature ot this composition mxascdetermined

A carbon heating system w~as chosen (or this insestigation to by forming a series oft compositions in \A hich CaO ssstematicalls
duplicate the atmospheric conditions used during the hot-pressing of replaced the MgO. Experiments w~ere conducted on this series ito
Si-5N ,materials, Melting experiments wecre ehosen to determine the determine the composition wxith the lo\%est melting temperature
e utectiLS of interest Se %en master compos it ions of compos ie poss
den' containing Si-,N,. Si02 . and MgO were prepared b\ liquid
milling in plastii bottles containing tungsten carbide milling media. III. Results

Compositions wxithin the compositional area defined b\ the sesen Temligeprmnsdsrbdaoeetbihdtreetc
master batches (Fig Il )were prepared b% mixing proper proportions Temligeprmnsdsrbdaoeetbihdtreetc
of tso or more of the master compositions wx ith a mortar and pestle. tics in the system SiN,-Si2,NO-M&2 iO,: 0l)the Si:,NMg.,SiO,
Each composition was pressed intoi one of an arrat, of blind holes binary eutectie compositio n. 0.07Si 1N ,-0.93M92St0, at 156(l C.
drilled into a graphite disk (5 cm in diam. bN 1.25cm thick). The 121 the St2NO-MVg,,SiO, binary eutectic composition.

disk sAs covered with graphite paper.* placed w~ith a cylindrical 0. 17Si2,N.,O-+0.85Mg,,SiO, at 1525C. and (3i1 the Si:,N,-Si_.NO-
graphite die w th end-plungers, and heated in ahot-pressecontain ing Mg.2SiO, ternary eutectic composition. 0 04SiN,--0.l4Si N.,)
a nitrogen atmosphere to the desired temperature for.0 m in under a O.82MgSiO, at 1515'C. These eutechics and the extent of the ob-
uniatial stress of 7 MPa Temperature was measured with a Pt- served boundary curves are illustrated on the phasie diagram showkn

in Fig 1. The ternary eutectic in the Si ,NgNgO-Mg_,StO, compati-

Retc~csed Junc '5 14~'7 reusd 01FICIC1 inusd% 2i 197 bifit , triangle was not determined because experiments, were not
Suppired bi% ihe Air i-uirer titer ui Sentiiu. Rears under Co~niraci N,, conducted above I600C.

F4962i0 '7 C (Xi)______
*Memb~er. ihe Anuersari Ceramt, Siuctei
*Gratiuuu. Unwn Cairide Ccirr , Neu luiri. N Y tExpressed ak mole traecr'i.
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ISM L L L L L LL 4 515%Ca 3N 2

i ? ? L__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ eLj ?.

14004MO 1,A LP L

L L

C~ ~ St13235.*C .~ M, a

F 30. 2. Th s'i ti0.e th tenr uct. ( IS,. U0 S
o 5%lsi ndit (ai ouneran iLILIa~~tetsls' tn'epr

Foig.2. Th o in th i-e te itmao eursto t he o p 1i ~ r Cai. ilutr-n t0 1shaded h-~uhtcIcmaiblt lmn
0o5 (.i N .0 an i O (82t4 gO 06a atI35CS OCa giU.St, Th dahe linetrprt illustratesg rihe no: show Im I n g iTVr

mFig 2

and the ( niA n tis r eutcti , mels heit e cte i2 thoesmeatur Fig. i. Pthslie phagase o i \drng coig the artliufl and-S0 -M ,.-M1

cophe to SiNOM~ i )..i pri n 01: r the s te schmpsit cofiuratingo the seadndat h ase Stildeed o neaia

be)4I,\ r -pnil to deSiiO-082at 4Ng ionO unestal to5- SiN0C~ su0-gSt0 Thashe lopitne i tad 'i melin temperan

powdEueisN.. De siction an comp ostn inthe coip o siios Fo ti i emet e susoi u m icstu, mrs t ul
Ag.st cmp ~tibility tang- l mna tonrmtanient ne,1on"uilibetum rernt the frozen.d s aperlus milrostueueo ce

aiquds dut)torin heing du mt , Ths er emaure uetics tideitr eottc~tlie hae odt ui"Lohi.tea o n
thee d inte tuied hres 5 hu oeeqirtneI .is ' obta in , a iqui (2) Euip e of nd canc ae P p'i epes nteomxslr
stillr e.st ika~ h stem s \IotO o ern eu iic igh 15he Sdn (Inhe .sarlinui phasdersil adtel subsilu se e ain pr e
tolue tracttO-Igin0 - .theliq i n b te crea e e ih A increcingi ration bethe en dr h pih-tm aue kl deehnia pntrptalias
te tplo erainture orersinin thr Se o pStion tow\ard thriate f t e neof p o nsha erti3 os and their" utc 1rti a shude sped Itue
eute165  Whe lq i purte uhas a)re iiwig h m nclued, the compos.t-, tfheseonda irsipaes are rslined a clqida will~ .it not a n
tei son n si long r e s tin hunre i .SO-gN O eanantle the sugete thmeat ur it s repsiinand meltig tempera.

Ni ealctin ndng t ahe ef ioimuties cosre asdcd them en.C poie ture. st prehsouldat ta t h p eip tecsl as isced kol tohe-S i 
hpotet (ial, equilenc igracmpsons in tig 3 h hdd psts ntete ad i h eodr hssaeaopos

compsitonaleleent n tis hpotetic pase iagam culd the mechial rortis migh.t he expeced roto ruallsr dehrcal
represent he ompatibii\ eanlemn fr teaomsiti ons presiul a heee te froem.perre is appro rc ithes sost

eiui s reaing uknown, temresulte melttig expeiment orahn h ueei eprtr ntiscsdgaain0
theos te sin ig d hr comustonse aqlng iu the d a ined iqig (2 utdu echsani canpriesl mighcteec te obgi t
villestrte \ t a , the t siemratecod e t f 1 15 C T ,the 300 c C blqut the t4cill tepr atur asbsolcu eved~ a fo ropeia
voluetrC)o woul the tloqu er theN. tmeate h weihere thceasn tiom reainoyse h ig-e prlUCmcaialpoelc
pte pomersr oul shretin to cormpaoiid t tmatur te Tfp he fect lo om~sit and iuriisho the high.d1

exeionolnge r eets uteente stemeaue the,-iMg,'O content ofti theeteti temperature steghi i~g los canced eAine ti teprms
liquidacwold dependnth CaOutb conent aiz compsiction wthe turobstrstengtesl.fl Theiitoudrabee for Sandtecm-
largter a impuihwl be cloera ton the eueci OThe imparid eutete Fi On dhtesrh.ibh copsitionsar conasnin an amopos
ticommitonl associate ith SiNpower.a ehag. oxidesa ofld molareratiocalp.6pTheiliquidhcontentpabove the eautece (r e
Fere. t oldbae spiilr e et fthuienrl impursitipes wsll ausds t las et c ntenprturefor apperoes .f z copston wiha fe

oiseusved. ancdin he asut cotnt wmuiyAtouldpedo the elmurt's slthe glsses ca b 6 ei tou dese withra thure segres ptrials
cotentD sfcti o spsn uknetissou the retfr deenngt oxerns on reuleding hgh-eitemperature In nthtisase.dgradSion moa

sipur g2 o o p ,t saln h as ieitiesg arumentdu than eialr eis ith e serecotied a veiscousit
ilhentrntiicatinschedt the fabricatio temperatureolhe<12 Tu. the 30has e t the estet temperature .dtat theved contn of the

liquid wil beginul b to lyas the temperature sloerd the last 10)ussews maiieaaOSi~oartot.

bxeitnflqg il oiya the:ccmn~ eutecic temperature deeythe Studies haeasosonta the hihtemperature strength of aiN'g loNcnb xlie ntem

liud olddpnd.nteCOcnet i opstoswt fosre uetc.Teln r~ et e 3,adtetmr
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SiaNJMgO alloy decreased in proportion to the amount of the CaO Acknowledgments: The %riter ihank L J Gaudier irheiplul d.,tunsn,

intentionally added to the startling composition to simulate and study in chw-ing a neithd Ior de1mnir eutr,t,- and M 6. Mel,ali or Irh,,aI

the effect of impunties.1 Previous explanations for this effect have *iiaitt

been that CaO will decrease the viscosity of the amorphous phase at
high temperatures. 2 ' But. as pointed out by Powell and Drew" and References
observed by Turkdogan and Bills,' CaO and MgO have ven similar ' ip ur.J kiia , .. mri ,, Sn 1r 'rl. N %t r" s j |... 1

effects on the viscosity of silicate glasses. In light of the current rum %ih Strvnth and iudji, J 4,, . ..... - 61if L Ikkt I I Ldnvt jnd|I S D wa .¢ld l,,d mp h',rt I :

work. a moreconsisent explanation is that the CaO aIl increasethe Tmp'Jraiurc MchLi,' i ,n,dn Si Hotcr I|rci .,d%. i I' ,. i I I

volume content of the amorphous phase according to the phase SK 1Q '1m,,
equilibria considerations discussed. Strength at high temR'raturex 1 '6 S LIt' i h % R,.hh .. .. .I., !| I 51.,,,d,, s . ,, j,... . I .

, 1'414 ddicdh St K' R,- ' -. ,,, ,r\lm.. %..,. 'r. C ( ,,.~m r P - t

a ill depend not onl. on the presenceot the %iscrus phase but also (in 'I H I.,d I I ng.rrd apidi C a .- I ir,-,. .'.

its volum e content, as shia n by W illiam s and Sinrer '" .i ,kimrrih .t I wr r tl, , I I ,.I A . 60 "

The discussion resulting trom the present ,ork conceming Ihc ( |k I' cnrd1'n nd I \ Sht,-& m , , .5'

efect of composition. impurities, and cutectic', on fabrication. I drct'd b. V . T H .' ( r c''. . H, -a A.. a- , • IS

microstructure. and mechanrcal propcnies shouldgenerall) appl\ tor I Lan . I n I rait . i ,'i n" H i, r .I \ I
n- a -, Y, , J ( SYi a t tr'ai' J 4,, r 5 ? !. -, -.

all Si:rNt'metal oxide pol\ phase allox systems and to all poly phase 7R K . 1 k , t..,rr.,tar 'Ii Hi .-- 145 N I I k K

systems in general. When an impurity in a single-phase material IN'', '14-1,
- - "F~~~~~'i ) I.'" IiiandI!' Drt' 1't Idcri t.ai,. i,,' rJ rH . .

exceeds its solid-solubilit\ limit, the material must be considered Hit Prc, ,d S. N h\ Aagp f, , Ir,,i Sp, .. ' ' j. -. .I-I

poIyphase. a hich immediately imokes phase equilibria consid- 'I 1 lurkd1. -and I Ht ii- A ( rt,, H . . ... k, M"
(Ai 1 S i MhIt, 4,, 1.,,. - h '

erations to explain fabrication, microstructure deselopment. and ;J " l,, .A V, Hln x k .. I- DL' I A,:.. -"

properties. 5. S-,dd., lc'rpcrartrr / I,, (Li 96 r] 2.l'-,
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CORRECTION

Eutectic Studies Ian the System SijN,*Si2N20-Mg2SiO.

F. F. LAmge

J. Am. Ceram. Soc., 621[11-12] 617-19 (1979)

The eutectic compositions should read: (1I) The Si3N4-Mg2SiO,

binary eutectic composition. 0. 19Si 3N4 +0.81 Mg2SiO 4 at 1560'C,
(2) the S 2NIO-Mg2SiO 4 binary eutectic composition. 0.39Si2N2O+
0.6IMgSiO, at 1525°C. and (3) the ternary eutectic composition.
0.IOSiaN 4 +0.3OSiNaO+0.6OMg 2SiO 4 at 1515°C. Figure 2 cor-
rectly report the ternary eutectic in terms of Si 3 N., SiO. and MgO.

Sam
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Reaction of Iron with SiJIN Materials to Produce
Surfaceitting

F. F. LANGE*

THI purpose of this note is to shov% that surface pits result from
the reaction of Fe with most Si.,N. alloys fabricated with MgO.
whereas pining does not result for certain SiN, alloys fabricated-
with Y,.,

Singhal' has show n that the long term oxidation of commercial
S i N, fabric ated ws ith MgO0 leads to deg radlatiton of fle xu ral stre ngth
rang ing from 30', for period s - 300 h at I 100 C to 60ri for r? 100 h
at 1375 C Large surface pits formed duning oxidation appear to be - -

responsible for the degradation. e.g pits are common fracture
origins and strength can be regained after removing the pits by l

> surface grinding.' Similar. but less extensive oxidation/strength
testing of Si.N, fabricated within the system SiN,-SiN 0- YSi.O 0-
leads it, - 15Q strength reduction for oxidation periods up to 400 h
at 1375 C ' surface pitting swas not observed for this material.

The formation of surface pits during oxidation suggests the pres-
ence of heterogeneously distributed reactise sites Sources for such
sites could include aggregated second phases. large contaminant

*particles introduced duning fabrication, and furnacc debris. Al-10 i
though aggregated second-phase partides are likely sources for -
SiN, hot-pressed %%.th MgO.* the effect of large contaminant Fig. 2. Scanning electron micrograph of surface pit and rcactise zone
particles %~as sought in the present wsork forrmedduringoxidation (400-C/0 5 h) ofFe particle on hot-prrssed speui-

Seseal arg. meallc -ppeaingpanc le wee lcate onthe men containing 0. 83 mot fraction SiN,. %. ith an MgQ!SiO, molar ratio of
surface of commercial NC- 132 SiN, w ith light microscop). The
particles wsere typicallh aggregated. aggregated subsurface particles
could be observedl %sith crossed polar% (Fig 1). Each group of
particles ssas relocated in an SEM and identified w~ith the aid of

- .EDAX All particles consisted of Si. W. and Fe. a fess also con- tamned Ni. Cr. and~or Co Other wsorkers' I have reported similar
contaminantv in hot-pressed Si.N,. One common contaminant is

* W'Si, due to the WVC media used to mill the powsder before hot-
Ree.'ed JdflL.M 24. 1 7S pressing~ another is Fe. wshich is added bv some wsorkers' to increase
Supporned irs ihe Air Ft-me Offrte ofi S~iectifi, Resarch under Csemiras %,h, i-dn rt npouin ipsdr

F49620' -- ( -00'2th irdnraeiprucg po e.
T'. write, sswih the Stiumural C eramss Gounp. R'ekrsetil tirntiond S.,iem~ Short-period oxidation tests at 1300 and 1400 C indicated

. enier Th,1sard Uak ' (.alo.r,~ 41 Awi
*Mcrmire r the Armeean (Cram,. S-set greater reactivity at the impunt\ sites wshich could be relocated. but
The magne~ium mrnundi, presrr! in ihe Si N,.hig() al,, are rfbi osrripaubtle due tothe ambiguiri. ofrelocating mostiofthe sites beneath the oxide

with 5o the oxidair prod.1 oi St 1, (Rem 31 scale, a second group of experiments was conducted in wshich small
particles ( 200 Arm of Fe wsere placed on the surfaces of different
Si.N, materials. Emphasis %as placed on Fe due to the volatile
nature of tungsten oxides. The Si,,N, materials investigated included

-7 ~NC-I 132 Si,. -, a series of materials containing 0) 83 mol fraction
- -~ - Si:N, with different MgO'SiO, molar ratios.' and SiN, fabricated

a. ~ ith 0.84W. 0.055S. and 0. 105 mol fraction of SiN,. Y.,O, and
SIO... respectiv-elv Each specimen was oxidized at 1400 C for up

*to 4 h.

AL_ For the materials with different MgO.'Si0 2. molr ratios, the
-..- gj~~gj~ surface reaction at the site of the Fe particle ranged from no apparent

* ~ . 6~7o & reaction for the material wsith MgO SiO., 0 1 ito a glassN reactivey ~ zone containing a shallows pit for 0. 1 < MgO.'SiO. i 0.5 to a highly

y l'- reactive, deeply pitted area for MgO/Si02-cO <.5 (Fig. 2). The reac-
~ 4 ~ tive area for NC- 132 SiN, was similar to the material within the

all,4 .6 , series with MgOSi0.=0.S Surface cracks, presumed to form

during cooling, were observed ssithin all reactiezns oapr
4:4 s.. 

oe oap

These results shows that surface pitting produced during thec oxida-
. ~ ~ Ati on of Si,N,-MgO allovs can be caused by heterogeneouslvdistrib-

uited Fe contaminants and that the rcacuvityipittiig increases as the
~aP MgO/SiO. molar ratio is increased. Previous studies' showed that.

S when MgO/SiO < 2, -he equilibrium secondary phases ame SiNO
and Mg_.SiO. and, when MgOfSiO >2. the secondary phases are

- Mg,StO, and MgO Nonequilibrium magnesium silicate-nitrogen
glasses are presumed to be present also. The reaction in oxidizing
environments between Fe and the secondary phases is presumed to

pm involve FeO and SiO2. the oxidation products of Fe and Si;N,.
respectively, and the equilibrium/nonequilibrium magnesium
phases present in Si3N.-MgO alloys. Such reactions can produce

Fig. 1. Scanning electron micrographi of ground arid patially pohshed relatively low temperature eutectics.0 The absence of significant
surface of NC- 132 SiAN., dhowin aggregated inclusions consisting of Si.
W. ail Fe. tNonon Co , Woieeamr. Mau
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* Fig. 3. Scanning electron micrograph showing relatively little reaction
betaten Fe particle and Si,N.'Y.O,/StQ, material after oxidation at 1400TC
for 4 hi Par* of Fe oxide particle has been removed to illustrate reactive
surface

reacti,.it% in the SiN 4 'Y2O.,!SiO, material indicates a tolerance for
* Fe contamination in this system wvithout severe oxidation/strength

degradation.

'iS ( Singhal Streng~ts Degradatitoof SiN, Due toOxidation".unpublished

. ' F M.Leen U A Fishr ft J Bration and ft J Miller, 'Bnttle Materials
Design Higt, Temperature Cid Turbine lnter~ric, Repis AMMRC -CTR -75-
28 Sept 1- and AMMIR( UTH 

7
6 1. April 9Q76

*F F Langer and N( Stnighil unpublishred %,ork
F F LainW ' o iaselRelains in tht S. N- Sif -MgOSystemsand TheirtInterrela

tioi with Strcri;!r and Gi,tan J 4r, u(-am 5- 61 1 -2]153- 54'(19761
R tks'wv Mk-r,,iurr ofm Hot-sd St,. 'J ai,. S., CH I

* H ft B..m.'rner andD w Ri. true pip 16V' 5 inlFracture Mechanks of
(eran, I % , Edied t5. ft ( Brdi D1 P H Hasseiran. and F FK Lange
Picr.r Ne.. iit 94

F P P-pw: jndS SRuajdlesde. 'Preparait.n Properties and Structurof Silicon
Nitrid, 7,.- A',~' 5.- 60'j] NJ' 26u1461)

-F F Lang, S CSingba and Rt C Kumant, ' Phase Relations and Stabilits
Studies, ethcS, N,-St() Y 0t. Pseudoternas SsstemJ 4m (ie-ram S-. - 60[5-61
24,'2

-L M Usr'in C Rt Robbins andH F M-Murdie. Phase Diagrams for Ceramists
Edtied t,' M K Reser Amerikan Cerarm, Soct. Columbus. Ohio. 1964. Figs
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Compressive creep of SiN./MgO alloys
Part 1 Effect of composition

F. F. LANGE, B. I. DAVIS, D. R. CLARKE
Rockwell International Science Center, Thousand Oaks, California 91360, USA

The compressive creep behaviour of four compositions within the Si 3N4 --Mg 2SiO 4 -
Si 2N20 compatibility triangle were studied in air at 1400' C. Strain rate (e) versus stress
(a) was analysed to determine the stress exponent, n (i = Au'n). Cavitation during creep
was determined by precise (sink-float) density measurements. Compositions close to
the Si3N4- Si2N20 tie line exhibited no cavitation and had n z- 1, whereas compositions
close to the Si 3N 4- Mg 2SiO 4 tie line exhibited extensive cavitation and had n = 2. Test
results are interpreted in terms of the volume fraction of the viscous phase present.

1. Introduction the eutectic temperature. Since impurities must be
Composition strongly affects the creep resistance included in phase equilibrium considerations, they
of polyphase Si3N4 alloys fabricated with a densifi- will influence the eutectic composition and tern-
cation aid 11-81. Investigators who have examined perature. In this manner, the effects of impurities
the creep resistances of a variety of Si3N4 aoys and gross composition can be combined, shifting
have shown that the creep rate at a specific tern- the alloy composition either toward or away from
perature and stress can vary by orders of magni- the eutectic composition to either decrease or
tude depending on composition [1, 2]. The effects increase the high temperature properties, respec-
of some impurities [81 (e.g. CaO) and gross com- tively [11. The observed change in strength with
position [1,2, 5,7] (type and amount of the den- composition for three series of materials in the
sification aid) have been qualitatively documented. Si-Mg--O-N system is consistent with this idea

Earlier investigators suggested that the general [12). It is expected that creep resistance should
degradation of mechanical properties at high tern- follow suit.
peratures was due to the presence of viscous phase Most investigators have directed the analysis of
between the Si3N4 grains. High-resolution electron creep behaviour in terms of phenomena which
microscopy work has since confirmed that a produce cavities. This direction resulted from both
continuous glassy phase does exist in most Si3N4  TEM studies which reveal cavities at triple points
alloys [9. 101. Assuming that the composition of in crept specimens [3. 4] and stress exponents for
the glassy phase is similar to the eutectic com- creep rate that do not correspond to conventional j
position (i.e. the last liquid to solidify during (e.g. diffusion and/or dislocation) models. One
cooling) of the compatibility triangle in which the notable exception to this general trend was Seltzer's
composition was fabricated, Lange I11 pointed 121 observation of a linear stress dependence for
out that the content of the glass will depend on several compositions in the Si- A-O-N system
composition in the manner described by rules of fabricated with < 30wt c A120 3.* Other materials
phase equilibria; the volume fraction of the glassy in this same system containing ;t 40 wt 7 A120 3
"grain-boundary phase" will increase as the com- had larger stress exponents, consistent with those
position of the alloy is shifted toward the eutectic reported for all other Si3N4 materials 12]. Thus,
composition. Likewise, the temperature where Seltzer's measurements suggest that at least two
degradation is first apparent should be related to different mechanisms can dominate the creep

* This complete series of alloys, fabricated by the present author, were hot-pressed with 20, 30,40 and 50 wt % AI:O,
plus Si,N, 113].
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Figure I The SiN.-MgSiO,-SiNO system illustrating compositions of materials used in this study in relation to
eutectic composition.

behaviour of Si 3N4 alloys, and a shift from one trates the compositions of these four materials
mechanism to another depends on composition. (circled points), the compositions of the other

The purpose of the present work was to charac- materials within the two series, and the eutectic
terize the creep behaviour of Si 3N4 alloys as a compositions and temperatures previously deter-
function of composition in an attempt to classify mined, All materials shown in Fig. I were prepared
the dominant creep mechanism in terms of the from high purity Si 3N4 (e.g. 160 ppm Ca, 0.6 wt %
volume content of the glassy "grain-boundary 02), Si0 2 and MgO powders, bal. milled with WC
phase". To accomplish this goal, well character- media in plastic bottles, and hot-pressed at 17500 C
ized alloy compositions were chosen from the for 2 h as reported elsewhere 112].
Si 3N4 -Mg 2SiO 4 -Si 2N2 O compatibility triangle of Phase identification was by X-ray diffraction.
the Si-Mg-O-N system. Since eutectics in this All materials contained 1-Si 3N4 and WC. Coin-
compositional area are known, the relative volume positions A and C, contained Si2N20 in apparent
fraction of the glassy phase for each composition proportion to that indicated by their position in
could be estimated and related to the observed the phase diagram; no Si2N2O was detected in B
creep phenomena. and D. The Mg2 Si0 4 , expected to be present in

all compositions, was not observed as a crystalline
2. Experimental details phase.
2.1. Materials All materials were examined by transmission
The compositions of the four matcrials (A, B, C, D) electron microscopy throughout this study.
chosen for extensive study were part of two series Dark-field imaging (14] revealed a glassy "grain-
of materials fabricated for a previous study con- boundary phase" between all grains and at triple
cerning strength and oxidation (12]. Fig. 1 illus- points as shown in Fig. 2. Extensive TEM work to
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analysed with respect to the empirical relation

i= Au" (1)

in an applied stress (a) range between 70 and
700 MPa. Load was applied after the temperature
was stabilized at 1400' C for a period of I h.
Throughout each experiment, temperature did

- " 5OOA not vary more than ± 2' C. Because oxidation
affects the creep behaviour of these materials

Figure 2 Dark-field image of the continuous glassy phase (as detailed in Part 3 [15]), a new specimen was
between SigN. grains, used at each stress; steady-state creep rates were

determined for periods < 20 h. The total strain for
quantify any difference in the volume content of any experiment never exceeded 0.05.
the glassy phase in the four materials was not
performed. Based on the above evidence (lack of 2.3. Density determinations
a crystalline Mg2SiOI phase and the presence of Because cavities were expected to form during
a glassy phase). the composition of the glassy creep, their volume content was determined by
phase was assumed to be the same as the ternary precise density measurements as a function of
eutectic composition. Based on this assumption, creep strain at a compressive stress of 350 MPa for
the volume fraction of the glassy phase was esti- materials C and D. To avoid the possible closure
mated for each composition by using the lever of cavities during cooling, the compressive load
rule to interpret the phase diagram and the appro- was not removed until the specimen was cool.
priate molecular weights and densities.* Table I Cavitation was also examined as a function of
lists the estimated volume fractions of the glassy applied stress (175 to 700MPa) with the same
phase. materials at a strain of 0.03. Density measure-

ments were also performed on materials A and B,
2.2. Creep experiments but only at a creep strain of 0.03 at 350 MPa.
Compressional creep testing was performed in air A sink- float technique was developed to
at 14000 C. Specimens (approximately 0.3 cm x measure the volume fraction of cavities produced
0.3cm x 0.9 cm) were diamond cut and fimished during creep. Mixtures of diiodemethane (p =
in a special jig so that parallelism of the two end 3.3 g cm-3) and neothane (p = 1.3g cm-3 were pre-
surfaces was ensured. A high temperature extensio, pared until the specimen would neither sink or
ometer, described in the Appendix. was developed float. To minimize the effect of volatilization, the
to measure strain. A dead weight, cantilevered liquid plus specimen were transferred to a pychno.
(10:1) loading frame transmitted load to the meter with a volume previously determined over a
specimen as shown in Fig. 10. The loading pads temperature range of 15 to 300 C. The pycnometer
in contact with the specimen were made from containing the liquid and specimen was then either
either sintered or CVD SiC. Commercial grade, heated or cooled slowly until the specimen was
hot-pressed Si 3N4 loading pads were observed to suspended within the liquid. Liquid was either
creep under the specimen and to result in unreliable removed or added to the pycnometer to compen.
strain measurements. sate its volume change before weighing. With this

The apparent steady-state strain rates (e) were technique, the density of a specimen could be

T A B L F I Composition and phase content of creep specimens

Specimens Composition (mole fraction) Phases Vol. fraction of

Si,N, SiN0 Mg'SiO' identified glassy phase

A 0.54 0.43 0.03 O-SiN.. Si.NO. WC 0.04
B 0.74 0.03 0.23 P-Si, N,. WC 0.17
C 0.71 0.24 0.05 o-SiN., Si:N:O, WC 0.05
D 0.83 0.01 0.16 P-Si, N .WC 0.11

The density of the glass was assumed to be 3 g cmi
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reproduced by using different starting fluid enon are reported in Part 3 115]. Thus, in order to
mixtures to -0.0003gcm -3 . That is, the technique classify the materials examined with Equation 1,
was capable of reproducing a density measurement the steady-state creep rate was calculated from
to ± 0.01%. data taken over the last 4 h period of a test that

The density of each specimen was determined was terminated after - 20h. In this manner, the
before and after the creep experiment. The oxide apparent steady-state creep rate for a new specimen
scale and material to the depth of - 0.02 cm of the same material could be reproduced within
below the scale/bulk interface was removed by ± 157c. Steady-state values were not used if the
surface grinding prior to measuring the density specimen exhibited tertiary creep.
of the crept specimens. Several crept specimens
with end cracks were diced into 2 or 3 pieces to 3.2. Strain-rate/stress response
preclude the effect of the crack. It was observed Equation I was used in examining the apparent
that the cracks did not significantly affect density. strain-rate/stress response of the four materials.
To preclude density changes that might arise Fig. 3 illustrates this representation of the data
through oxidation, differential densities of a series with a log I versus log a plot. As shown, com-
of specimens from materials C and D were deter- position strongly affects creep resistance. In
mined as a function of oxidation period at 14000 C.

COMPRESSIVE STRESS (103ps0)

20 30 40 50 60 80
3. Results lo-2  , I , ,
3.1. General behaviour
The strain-time response of all stressed specimens B, n = 2.04

included a small elastic deformation upon loading. D n,-=.85

a primary period in which the strain rate decreased
with time and an apparent steady-state period. A
final tertiary period, where the strain rate increased
with time, was observed at higher stresses for
materials B and D. Some of these specimens con-
tained a small crack which propagated parallel to
the loading direction. Upon unloading, all materials
exhibited a small elastic recovery followed by an A, n - 0.90

anelastic strain recovery: this is detailed in Part 2 T

[16].
The steady-state creep rate had to be defined in 4 10.3

a somewhat arbitrary manner since a true steady-
state condition was never observed. For tests
where tertiary creep did not develop, the creep
rate was always observed to slowly decrease with
time. This decrease in strain rate was most pro-
nounced for those materials that exhibited the 1aoo~C

greatest rate of oxidation (B and D). When a speci- C,

men was crept at successive stresses, the "steady-
state" creep rate at the higher stress could be
lower than that observed at the initial, lower - A an

stress. When the stress was then decreased back
to the initial value and sufficient time was allowed
for the anelastic recovery, the new "steady-state"

. creep rate was significantly smaller than the * .

original value for the unstressed specimen. 1o 100 200 400 6o

After many frustrating and apparently inconsist- COMPRESSIVE STRESS (MPa)

ent test results of this nature, it was hypothesized Figure 3 Apparent steady-state strain rate versus corn-

the creep resistance was improved by oxidation, pressive stress of four materials examined;stress exponents

The experiments and results detailing this phenom- (n) shown.
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Figure 4 fractionaJ density change versus oxidation period at 1400 C for compositions C and D.

general, the material's resistance to creep can be affect density. therefore a control experiment
ordered with respect to its estimated amount of was performed to determine the effect of oxi-
glass phase (see Table I). dation alone on the change in density. The results

Strain-rate/stress exponents of materials closer for materials C and D are shown in Fig. 4. Coin-
to the ternary eutectic (B andD)are-' 2,i.e. similar positional changes induced by oxidation are the
to values reported by others for commercial, hot- cause of the observed decrease in density upon
pressed material fabricated with MgO [2-5]. Stress oxidation [17]: material D exhibited the greatest
exponents of materials furthermost from the ter- decrease because of its greater rate of oxidation.
nar eutectic (A and C) are - 1. These data suggest The change in density (expressed as a void
that the principle mechanism responsibe for the volume) observed for materials C and D as a func-
creep behaviour strong]y depends on composition. tion of creep strain is shown in Fig. 5. These data

have been corrected for the density change induced
3.3. Cavitation by oxidation (Fig. 4). For material D, oxidation
Both cavitation and oxidation were found to contributed between 20% and 30( of the total
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0 ) T Figure 5 Fractional void volume ver-
0.01 0.02 0.03 0.04 sus creep strain under 350Mpa corn-

COMPRESSIVE CREEP STRAIN pressive stress at 1400' C
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COMPRESSIVE STRESS (MPa, pressive stress for strai = 0.03 at 1400 (

density change. The effect of stress on the void direction normal to their common boundary as
volume produced at a creep strain of 0.03 is shown shown in Fig. 8a. The fibrilous nature of the
in Fig. 6. Results of single experiments with the apparent glassy phase between the separating
other two materials showed that material B grains is shown at higher magnification in Fig. 8b.
exhibited extensive cavitation, whereas material Such fibrils are commonly observed in the tacky
A exhibited negligible cavitation. TEM studies separation of printers' ink and are caused by the
of the crept materials qualitatively showed that growth and linking of many small vapour bubbles.
materials B and D contained a higher density of Fig. 8a also illustrates a large number of wedge-
cavities relative to materials A and C. consistent shaped cavities: the densit> of cavities in this
with data shown in Figs. 5 and 6. portion of the specimen was somewhat higher than

Since it was recognized that cavities can be observed in other portions of the same foil.
produced during ion-milling of specimens pre- It should be noted that thegrainswere relatively
pared for TEM studies, precaution was extended free of dislocations, suggesting that dislocation
in identifyin cavities that were most likely
produced by creep. These precautions included

observing both uncrept anti crept specimens of
the same material and comparing cavities observed
in both thick and thin portions of ion-milled foils.
Wedge-shaped cavities, typified by the example

shown in Fig. 7, made up the largest proportion

of cavities observed in crept specimens. These C
cavities were observed at triple-point grain junc-
tions. Their morphology (i.e. rounded comers)
and the apparent amorphous nature of the material
around the cavity boundary strongly suggest that
these cavities were vapour bubbles that grew 500A
within the glass phase during creep. Although less

frequently observed, cavities were also observed to igure 7 TEM microgaph of typical wedge-daped cavity,
form between two grains which separated in a C, produced during creep.
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Figure 8 (a) Cavities produced by the separation of two grains perpendicular to their common boundary, (b) higher
magnification of same grain pairs shows apparent glass fibrils, F.

motion is not a dominant mechanism of creep to that of the ternary eutectic composition. The
deformation in Si3N4 alloys up to temperatures latter assumption defines the volume fraction of
of 14000 C. This same conclusion has also been glassy phase for any composition (see Section 2.1).
reached by others [3.41. The remainder of this section will relate the

volume fraction of the viscous phase to the two
4. Discussion mechanisms.
The preceding experimental data clearly show that Diffusional creep in the context of the current
two concurrent mechanisms contribute to the Si3N4 alloys can be presumed to occur by the re-
creep behaviour of polyphase Si3N4 fabricated distribution of matter through the viscous phase.
within the same compatibilit triangle. Also, one Solution of Si 3N4 and/or S12 NO into the viscous
mechanism can dominate the other depending on phase and their reprecipitati,,i elsewhere would
composition. The creep behaviour of compositions be driven by differential chemical potentials that
most remote from theternary eutectic composition arise from localized stresses. The presence of
is dominated by an apparent diffusional mech- localized stresses is documented in Part 2 which
anism which is indicated by both the linear stress details the anelastic effect [16].
dependence of the creep rate and the absence of Stocker and Ashby 1181 have modelled the
cavitation. Cavitational creep is most pronounced diffusional creep of solid/liquid microstructures
in compositions closer to the ternary eutectic. For similar to that shown in Fig. 2. The, assumed that
compositions in between those studied, it is the viscous grain-boundary phase ". . . enhanced
presumed that the contribution of cavitation will creep by prividing regions, or paths of high diffus-
decrease as the composition is shifted from one ive conductance" [181. Differential chemical
side of the compatibility triangle to the other. potentials that arise due to stress gradients provide
This hypothesis has been shown to occur, as the driving force for the diffusing species. Their
detailed in a companion paper which discusses analysis shows that the strain rate (i) is related to
the effect of oxidation-induced compositional the grain size (d), molar volume of the diffusing
changes in creep behaviour 115]. species (S2), the molar fraction of the diffusing

The contribution of each ofthe two mechanisms species (C) in the liquid, the volume fraction of
to the general creep behaviour can be related to the liquid phase (V),* the viscosity (t7) of the
composition if it is assumed that both mech- liquid, and the applied stress (a)as
anisms are governed by the viscous, glassy phase 82213
and that the glassy phase has a composition close idift = 7 CVo. (2)

Stocker and Ashby f 181 assumed V = S./d, where S0 is the thickness of the liquid phase between the grains. Lange
[191 has shown that , = 3So 1d; Equation 2 was thus modified by a factor of 3.
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Figure 9 Comparison of strain pro-
duced by cavitation to strain pro-

1.2 duced by diffusion predicted for
Equation 5.
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Integrating this Equation assuming that the para Although the analysis resulting in Equations 3

meters on the RHS of Equation 2 are independent and 4 may not be sufficiently explicit to quanti-
of time, results in tatively predict creep strains, the equations can be

82: 
3C|1,ot used to predict trends. A comparison of Equations

Eiff 77(3) 3 and 4 can be made bN dividing one by the other:

indicating the creep strain is linearly dependent on after rearranging:

V,o and time (t). cca,,' *d 1" (-'--V 2 odt.)-

With regard to cavitational creep, most inve" i- ed, ff 24Q ! V? V;ot/n (5)

gators suggest that grain-boundary sliding is
required for the growth of cavities. Lange 119] The LHS of Equation 5 is plotted as a function

has pointed out that cavitation requires the of the dimensionless product Vj ot/77 in Fig. 9 in

separation of grains. He showed that grain separ- order to examine the conditions where one mech-

ation and not sliding is the rate-controlling step in anism may be more dominant than the other. As

the growth of cavities. The results of his analysis, shown in Fig. 9, the contribution of cavitational
creep increases with increasing V'ot/h. i.e. larger

1- o 1V1  volume fractions of the liquid, higher stresses.
c-- -3- ( longer times and lower viscosity. Because i' is

squared, changes in V, will have a greater effect than

indicates a relatively complex dependence on V1, changes in the other factors. With other factors

o, and t and no direct dependence on grain size. It held constant, the contribution of cavitational

should be noted that the strain rate for cavitational creep will increase with increasing grain size.

creep as indicated by Equation 4 cannot be The trends predicted by Equations 3 to 5 are

expressed as a simple power law with respect to consistent with experimental data:
either time or stress. (I) materials with large V cavitate, whereas
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Figure 10 High-temperature extenso-

FUSED BEAD S0C LOAD ROD meter developed for present studv.

S'3N4 CROSS BEAMS S.C LOAD PADS

SPECIMEN

A1203 RODS

FLEX JOINTSI

MICROMETER
METAL
MOUNTING
PLATES !LK -

LVDT

materials with smaller i do not cavitate and creep is expected to dominate. Cavitational creep
appear to exhibit diffusional creep behaviour at the crack front will cause sub-critical crack
(Figs. 4 and 3, respectively) within the stress growth by the growth and linking of vapour
range examined; bubbles 120]. Thus, it can be seen that the com-

(2) cavitation increases with increasing stress positional dependence of the creep behaviour of
(Fig. 5); the stress dependence appears to mimic Si 3N4 alloys is of direct concern to their high-
that expected for Equation 4; temperature fracture behaviour.

(3) at lower stresses, the strain rates of all
materials are more similar to one another relative Appendix. High-temperature axial
to their large divergence at larger stresses, suggest- extensometer for compressive
ing the dominance of diffusional creep at lower creep in air
stresses in all materials relative to the dominance The extensometer used in the high-temperature
of cavitational creep in materials prone to cavitate (14000C) compressive creep tests is shown
(B and D) at higher stresses; schematically in Fig. 10. The silicon carbide load

(4) tertiary creep behaviour is expected for rods are mounted in water-cooled holders outside
those materials prone to cavitate as expressed by the furnace. The ends which contact the extenso-
Equation 4. meter are lapped flat and adjusted parallel. The

It should be noted that at very high stresses,e.g. two Si 3N4 cross beams are identical and oriented
stress levels that exist at crack fronts, cavitational at right angles to each other. Silicon carbide load
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pads are used between the specimen and Cross LUMBY, B. NORTH and A. J. TAYLOR, ibid. 12

beams to minimize deformation of the pads and (1977) 61.
distribute the load into the cross beams. The 7. F. F. LANGE and C. A. ANDERSON, Bull. Amer.
alumina rods transmit the specimen deformation Ceram. Soc. (in press).

to te mtalmoutingplaes ocaed blowthe 8.3. L. ISKOL, F. F. LANGE and L. S. DIAZ. J
to he eta montig pate loate beow he Mater Sci. 11 (1976) 908,

furnace. Each rod has a flex joint to assist in 9. D. R. CLARKE and G. THOMAS, J. Amer Ceram

alignment of the parts. The linear variable differ- Soc 60(1977)491.
ential transducer (LVDT) senses the motion of the 10. L. K. V. LOU, T. E. MITCHELL and A. H. HFULR,

mouning late. Te miromeer ountd inthe ibid 61 (1978) 392.
* .moutin pltes Th miromtermoutedin he 11. F. F. LANGE, J. Amer. Ceram. Soc. (in Press).

upper metal plate is used to null the transducer 12. Idem. ibid 64 (1978) 53
output at th:! start of a creep test. It is also used 13. Idem. Task 1. Fabrication. Microstrurture and Selec-

to calibrate the output of the transducer signal. ted Properties of SLAION Compositions, I tial Rpi
Naval Au Systems Command, Coni. No N00019-
73-C-0208, 16 Februar (1974).

Acknowledgement 14. 1). H. CLARKE. Wrlramicroscops 4 19791 33
This work was supported by the Air Force Office 15. F. F. LAN(;F. B. 1. DAVIS and 1) H. CLARK[
of Scientific Research. Contact No. F49620-77-C- J. Mater. ScL 15 (1980) 616.
0072. 16. t. F. LANGE. D. R. CLARKE and B. I. DAVIS.

ibid, 15(1980) 611.

References 17. D.R.CLARKiand F. F. LANGE,(to be published).
18. R. L. STOC KI. R and M. F. ASH BY. Rei Geoph i

I N J OSBORNI . Proc Brit Ceram. Suc 25, Mech. Space P0 s 11H1973) 39 1.
Pro' 0l Ceramics 12) 11975;1 263 19. F. F. LAN(;f . Non-Llastic Deformation of Pol'-

2 %I S St LTZI H. Bull Am Ceram, Soc 56 (1977) cry'stals with a Liquid Boundary Phawe", in Do
41h marion o!' Ceramic Mcterials. edited b R, ( br'di

3 H K(;SSONVSKY. 1) G. MILLF H and F. S. DIAZ, and R. E. Tressler (Plenum. NeL Nork. 1916, pp.
J Ma'Sci 10; 19251 983 361-81.

4 S % DIN and tP S NICHOLSON. ibid (1975) 1375. 20. Idem. J. Amer. Ceram. Soc. 62 (19791 222.
5 J M BIRHF and B. WILSHIkl . ibid 13 (1979;

26--

6 %1 H LIV. IS. B 1) 110OW! LL. P'. 1)4 'A. H. J. Received 5 Juls and accepted 28 Auguqt 19'79

610



@ Rockwell International

SC06.1Senter

APPENDIX 7

COMPRESSION CREEP OF Si3N4/MgO ALLOYS
Part 4, ACTIVATION ENERGIES

F.F. Lange and B.I. Davis
Rockwell International Science Center

Thousand Oaks, California 91360

ABSTRACT

The activation energy of two Si3N4/MgO materials, fabricated in the

Si3N4 -Si2N2O - Mg2SiO 4 compatibility triangle of the Si-Mg-O-N system, was

determined between 13000 and 1400 0C under a compressive stress of 275 MPa. The

activation energy of the material previously shown to exhibit pure diffusional

creep was determined to be 660 KJ/mole, whereas the material shown to exhibit

extensive cavitational creep had an activation energy of 1080 KJ/mole. These

results are compared to results obtained by others for densification and slow

crack growth.
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INTRODUCTION

Previous articles(1-3 ) have reported the compressive creep behavior

of four Si3N4 materials fabricated in the Si3N4-Si2N20-Mg2SiO 4 compatibility
triangle of the Si-Mg-O-N system. Two pertinent results were: 1) Cavitation

and diffusion are the two phenomena that concurrently contribute to creep

strain. The creep behavior of compositions closer to the ternary eutectic

(which are expected to contain a larger volume fraction of the continuous

glassy phase) was dominated by cavitational creep, as determined by precise

density measurements. Diffusional creep was dominant in those compositions

closer to the Si3N4-Si2N20 tie line and furthest from the ternary eutectic;

strain-rate/stress-exponents for these compositions were n = 1. 2) A pre-

oxidation treatment significantly improves the creep resistance. Within the

temperature and stress-range examined, preoxidized materials exhibit diffu-

sional creep (as determined by their stress exponent n = 1) despite their

behavior prior to the prolonged oxidation treatment. Other work(4) has shown

that oxidation shifts the polyphase composition of Si3N4 toward the Si3N4-

Si2N20 tie line and away from the ternary-eutectic composition, thus

decreasing the volume fraction of the detrimental glassy phase. The purpose

of the present article is to report the activation energies associated with

materials that exhibit one of the two dominant mechanisms, viz, either cavita-

tional creep or diffusional creep.

Creep activation energies (Q) have previously been reported for Si3N4
materials fabricated in the Si-Mg-O-N systems with the assumption that the

creep strain rate () has a stress (a) and temperature dependency as expressed

by the empirical relation:

A a exp(-Q/RT) (1)

* Values of Q for commercial materials have been reported by Kossowsky et al,(5)

(535 KJ/mole, tension), Seltzer (6) (703 KJ/mole, tension and compression), Din

and Nicholson(7) (585 KJ/mole, bending) and Arons (8 ) (850 KJ/mole, tension).

2
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Birsch and Wilshire (9) have reported a value of 650 KJ/mole for a variety of

experimental Si3N4/MgO materials. The stress exponents (n) reported by these
same investigators lie between 1.5 and 2.4, indicative of a cavitational
dominated creep regime.(1) It should also be noted that "creep-hardening" due

to oxidation was not a known phenomena in the experimental schemes mentioned

above.

EXPERIMENTAL

Compressive creep experiments were performed on two materials in air
as reported previously.I ) The specific composition of the two materials
(denoted as A and B in Ref. 1), fabricated by hot-pressing, were (in mole

fraction): A:0.755 Si3N4, 0.225 Si0 2, 0.020 MgO; B: 0.755 Si3N 0.090 Si0 2,
0.155 MgO. Both compositions lie within the Si3N4 - Si2N20 - Mg2SiO 4 compati-

bility triangle of the Si-Mg-O-N system. Previous study"1 ) has shown that at
14000C, the creep behavior of material A was dominated by diffusional pro-
cesses (no density change, n = 1) and material B was dominated by cavitational
phenomena (density decreasing with increasing creep strain, n = 2).

Creep experiments were performed on both materials in air at 13000,
13500 and 1400C with a compressive stress of 275 MPa. An additional exper-
iment was performed at 1300C with material B at 450 MPa to determine if the

material had the same creep behavior over the temperture range of interest.
To minimize the effect of "creep-hardening" due to oxidation, (3 ) single

specimens were used for each temperature and stress, and test periods were
held to < 24 hrs. Activation energies were calculated from the data collected

by using Eq. (1).

*As previously pointed out, n.= 2o1s not necessarily unique for cavitational
processes. Theory indicates l l  that creep due to cavitation is not
simply related to strain through a power law, i.e., if a power law is assumed,
n will depend on the stress range of experiments.

3
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RESULTS

For all cases, a short period of primary creep strain was followed by

a longer period of apparent steady-state creep. Experiments were terminated
* prior to any development of tertiary creep. Table 1 reports the steady-state

creep data for each of the two materials. An analysis of the creep behavior
of material B at 1300°C resulted in a stress exponent of 1.91, consistent with

a value of 2.05 previously reported for data obtained at 14000C. An Arrhenlus

plot of these data is shown in Fig. 1, from which an activation energy of 660
KJ/mole is obtained for material A and 1080 Kj/mole is obtained for material B.

Table 1
Steady-State Creep Rates

Temperature (*C) Stress (MPa) i (hr1)

Material A 1400 275 1.07 x 10-3

1350 275 2.82 x 10- 4

1300 275 5.25 x 10-5

Material B 1400 275 1.04 x 10-2

1350 275 8.04 x 10- 4

1300 275 7.59 x 10-5

1300 450 1.56 x W -4

DISCUSSION

Results presented above for two different Si3N4/MgO materials fabri-

cated within the same compatibility triangle indicate that the activation

energy for pure diffusional creep is - 660 KJ/mole and - 1080 KJ/mole for
reep lominated by cavitation. Speculations concerning the rate iimiting

processes that give rise to these results will not be discussed; instead,

4
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these results will be compared to other high temperature processes reported

for Si3N4/MgO material.

The first comparison will be made with densification processes which

are known to occur by a solution-reprecipitation, i.e., diffusion through a

liquid phase. It is not unreasonable to suspect that the diffuslonal pro-

cesses that occur during the liquid-phase densification of Si3N4/MgO composi-

tions are the same as those responsible for pure diffusional creep. Based on

this premise, s;milar activation energies might be expected, even though the
densification rates and creep rates may not be comparable. Activation

energies for densification of Si3N4/MgO compositions have been reported by

Bowen et al.(1 1) as - 690 KJ/mole in the temperature range of 14500 to 1550 0C

and by Lange and Terwilliger(12) as -710 KJ/mole between 15000 and 17000C.

These values are very similar to - 660 KJ/mole determined here for diffusional

creep, suggesting similar rate limiting steps for the two phenomena.

The second comparison will be made between the activation energies

determined for creep dominated by cavitation and for slow crack growth

observed in S13N4/MgO materials at high temperature. Observations have shown

that slow crack growth in dense Si3N4 materials occurs by a process that
involves cavitation. Since cavitational creep will dominate over diffusional

creep in the high stress regime of a propagating crack, slow crack growth in
these materials is expected to occur by accelerated, cavitational creep. Thus,
one might expect similar activation energies for slow crack growth and
cavitatlonal creep. Evans and Wiederhorn(13) obtained an activation energy of

920 KJ/mole for slow crack growth in commercial Si3N4 in the temperature range

of 1300* to 1400*C. Although their value is in fair agreement with that
reported here for cavitational creep (1080 KJ/mole), it should be noted that in

"* a subsequent paper Evans et al. (14 ) reported a lower value (710 Kcal/mole)

obtained in the range of 1150°C - 13500C by a different method of analysis.

* In conclusion, it should be noted in Fig. 1 that the creep rates for
both materials examined here approach one another at 1300C. It would be

unreasonable to extrapolate these data to lower temperatures to predict that

5
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material B would have a better creep resistance than material A. It would be

more reasonable to expect that at lower temperatures, both materials will have

similar creep behavior, i.e., diffusional creep will become more dominant at

lower temperatures. This reasoning is consistent with the creep results of

others. That is, when data is analyzed over a much wider temperature range, one

would expect that the higher stress exponents observed in the high temperature
regime (i.e., > 1300*C) would result in an average stress exponent > 1, but that

the activation energy might be more indicative of the predominant data obtained

at lower temperatures, i.e., an activation energy more similar to that of the

di ffusional processes.
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JOURNAL OF MATERIALS SCIENCE 15 (1980) 611 -615Compressive creep of Si3N,/MgO alloys

Part 2 Source of viscoelastic effect

F. F. LANGE, D. R. CLARKE, B. I. DAVIS
Rockwell International Science Center. Thousand Oaks, California 91360, USA

Highly localized strain fields are observed at grain boundaries in crept specimens of Si3N4 /

MgO alloys which were frozen under stress. These fields disappear upon annealing. Un-
resolved asperities between the grain pairs appear to give rise to the strain field during
deformation. Viscoelastic effects responsible for primary creep and strain recovery are
explained in terms of grain-boundary sliding on the glassy interphase which is accommo-
dated by the elastic strain arising at the asperities. Each boundary containing an asperity
can be modelled as a simple Kelvin element. The spectrum of these boundaries within the
bulk gives rise to a spectrum of relaxation times that is observed for the strain recovery
effect. The highly stressed region at the asperity also gives rise to the higher chemical
potential required to drive diffusional creep. Although the source of the asperities was not
observed, the possibility of opposing ledges of either single or multiple interplanar height
is discussed.

1. Introduction position principle and both concluded that the
Time-dependent creep strain recovery has been primary creep observed in their respective materials
reported by Clews et al [I] for porcelain and was inversely related to the viscoelastic recovery
refractories, Morrell and Ashbee [21 for glass- phenomenon.
ceramics, and. during the course of the present In the course of examining the creep behaviour
work, by Arons 131 for commercial grade, hot- of the Si3N4 alloys, detailed in Part 1 141. a time-
pressed Si3N4 . Each of these investigators has dependent strain recovery phenomenon was
shown that the recoverable strain is linearly discovered independently of Arons [3]. This
proportional to the stress imposed on the specimen discovery was manifested by the following obser-
prior to unloading, indicating that the recovery vations. First, during initial compressive creep
process is viscoelastic. a phenomenon commonly experiments conducted with a load cell in a testing
observed for glasses. frame, unloaded, creep specimens were observed

Viscoelasticity can be modelled with a Kelvin to produce a back stress that would build up as a
element, i.e. a spring in parallel with a dashpot. or function of time. This observation showed that the
an arrangement of such elements. The strain pro- crept specimens contained residual stresses. which
duced by stressing this element is exponentially arose during creep. that produced a strain recovery
dependent on time divided by a characteristic upon unloading. Second. during initial tests in
relaxation time. Upon unloading, the viscoelastic which a single specimen was examined at successive
strain decays inversely to that observed upon stresses, it was observed that when the stress was
loading. The process is analogous to the charging reduced, the initial strain rate at the lower load
and discharging of a capacitor. Thus, if a visco- was negative for a period before increasing, after
elastic recovery is observed upon unloading, a an extended period, to the strain rate expected for
corresponding viscoelastic effect is produced upon the applied stress. Third, direct observation of the
initial loading. Within this frame of reference, complete strain behaviour after unloading showed
Morrell and Ashbee 12] and Arons [3] each con- a time-dependent strain recovery phenomenon.
ducted an analysis based on the Boltzman super- This strain recovery phenomenon was observed for

0022-24611801030611-5$02.50/0 @1980 Chapman and Hall Ltd. 611

.. •. .



-~-7

all the materials examined in Part 1 [4]. Analysis
of these recovery phenomena with respect to the
viscoelastic model (plots involving log (recoverable
strain) versus time) did not produce a single
characteristic time but indicated a spectrum of
relaxation times. Similar results were obtained by
Clews et a[ [1] for porcelain and refractories,
Morrell and Ashbee [21 for glass-ceramic, and

Arons [3] for hot-pressed Si 3 N4 .
With the discovery in Arons [3] careful investi-

gation, further work was concentrated on unusual
features observed with TEM in crept specimens; as
was uncovered, these were directly related to the
viscoelastic phenomena.

a 2. Experimental details
Part 1 [4] described in more detail the two Si 3N4
alloy compositions labelled (C and D) fabricated
in the same compatibility triangle of the Si-Mg-
O-N system, that were used in this study. In 2000A
summary, composition C exhibited diffusional K
creep behaviour and did not cavitate, whereascreep avio re appead noto dinate whes Figure I Examples of strain whorls observed at a majorit
cavitational creep appeared to dominate the of grain boundaries in crept specimens cooled under
behaviour of composition D. Although a con- stress.
tinuous glassy grain-boundary phase was observed
in both materials (Part I, Fig. 2), composition C cooled under load. The strain whorls were located
was furthest away from the ternary eutectic and only along grain boundaries and. in general.
thus was assumed to contain a smaller volume appeared to be asymmetrical with respect to the
fraction of the glass. Both materials were observed boundary normal. In addition, the contours of the
to exhibit primary creep in which the strain rate whorls appeared to originate from a single point.
decreased over a period to an apparent steady-state suggesting that the source might be one of a point
value, and both exhibited an apparent viscoelastic contact between the grains. From both high-

strain recovery, resolution bright- and dark-field imaging. it was
Specimen foils were prepared for TEM studies determined that no inclusions or particles were

from both materials in their as-fabricated, crept present at the centre of the whorls. In addition.
plus cooled under stress (14000 C. 350 MPa com- strain whorls were not seen at those locations
pression, 4% strain) and crept plus annealed* (principally three grain junctions) where small
0400' C, I h) states. Most strain is recovered inclusions could be found. Attempts to investi-
after a I h anneal at 14000 C. Density measure- gate the centres of the whorls by lattice fringe
ments (Section 2.3, Part 1) were made for both imaging were unsuccessful because of the abrupt
the crept plus cooled under stress and crept plus changes in the deviation parameter (s) from the
annealed specimens. T A B L E I Occurrence of strain whorls

3. Observations Material C D

The transmission electron micrograph in Fig. 1 As-fabricated Absent Absent
illustrates the features, termed strain whorls, that Crept and cooled
were observed at the majority of grain pairs in under load

foils prepared from the crept and cooled under Crept. cooled under
load specimens. As indicated in Table I, the strain load and annealed Absent Absent

whorls were only seen in samples that had been 0 Il. 1400 C)

The crept specimens used for this study were diamond cut into several pieces for annealing and density measurements.
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Figure 2 (a) Model of sliding grains separated by a glass), interphase and hindered from sliding by an asperlt represented
as a spring. (b) The Kelvin element representing (a).

exact Bragg condition in the vicinity of the whorls. vations of samples C and D indicated that the
That the whorls were, in effect, extinction contours volume fraction of cavities remained unchanged
resulting from a localized out-of-plane buckling of after annealing.
the electron microscope foil was determined from
three experiments: (I) tilting the foil in tle micro- 4. Discussion
scope caused the whorls to change shape and 4.1. Viscoelastic effect
orientation: (2) at any foil orientation, each fringe The presence of strain whorls in crept specimens
or contour of the whorl could be made to appear cooled under load and their relaxation upon
bright in dark-field imaging by tilting the illumi- annealing illustrates that they depict (at least. in
nation, (equivalently, the diffraction pattern of part) the stress fields responsible foi the strain
the grains in the vicinity of the whorls was tilted recovery. Their existence at grain boundaries and
with respect to that obtained from the same grains their general asymmetrical orientation* with
away from the whorls); (3)no two-beam diffrac- respect to the grain boundary suggest that they
tion conditions could be found for which a line of arise and relax by grain-boundary sliding. Since a
no contrast was formed, as is characteristic of viscous phase separates each grain pair (Part 1.
strain centres produced by, for instance, misfitting Fig. 2). the rate of grain-boundary sliding will be
precipitates [5). governed by the viscosity of the fluid between the

These observations, when taken with the fact grains and its thickness. Fig. 2a models this situ-
that the whorls were only seen to occur in those ation in terms of a spring fixed between two
samples that have been cooled under load. confirm parallel plates which contain a viscous glass. The
that the whorls are manifestations of a localized spring represents the asperity that gives rise to
residual stress and are not artifacts produced in the strain whorl when the asymmetric force is
sample preparation. applied across the plates.

An interesting observation on the occurrence Derivation of the time-dependent strain (e,) in
of the whorls is illustrated by the micrograph of relation to the areas of the asperity (A ). the
Fig. Sa in Part I : the whorls are seen only on those grain-boundary area (D2). the thickness of the
gratn boundaries whose plane lie approximately glassy interphase (SO). the elastic modulus of the
parallel to the direction of grain separation at L. asperity (E), and the viscosity of the glass (7?) is
This implies that the whorls form on those bound- accomplished by summing the shear stress (7)

aries where the relative grain displacement includes across the model:
a component of grain-boundary sliding. E D d ,

Both density measurements and TEM obser- D2 , So dt

The asymmetrical strain pattern indicates that the force couple at the origin is asymmetrical with respect to the grain
boundary and that a shear component of this couple lie in the grain boundary. If their asymmetry were due to strongl)
anisotropic elastic properties in the two respective grains, one would not expect to see the commonly observed axis of
symmetry within the strain whorls.
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Figure 3 Functional forms of the three concurrent strain mechanisms that occur in SiN. alloys. The composite curve
illustrates the experimental behaviour.

Upon integrating by parts. accommodated by the elastic deformation of
r [ tR ;] material adjacent to asperities between the grains.

E 3- It should be noted that the stress fields that

" /'arise at the asperities would also give rise to the
where R is the ratio of the asperity area to the differential chemical potentials required as the
gram-boundary area (R-AID2 ), and (V/' = driving force from diffusional creep (Part 1.
3SoID). The relaxation time constant for the Section 4).
single element is thus 3Tr/ER I. Combining the observations of Part 1 [41 with

This model is equivalent to a single Kelvin those of this study, three concurrent mechanisms
element shown in Fig. 2b, where the dashpot is may be cited as responsible for the general creep
represented by two sliding plates containing the behaviour of polyphase Si 3N4 alloys: viscoelastic.
viscous glass. Since the bulk of the material con- diffusional and cavitational creep mechanisms. The
tains many of these Kelvin elements, each with latter two are the persistent creep modes which
its own characteristic relaxation time, the sum- account for the unrecoverable creep strain. The
mation of these elements will produce a visco- functional forms of these three mechanisms are
elastic response with a spectrum of relaxation shown in Fig. 3. When all three mechanisms contri-
times. This view is consistent with our own obser- bute, the general creep behaviour will be equal to
vations and those of Arons [3] for Si3N4 alloys, their sum. Thus, the three recognized stages of
It can thus be concluded that the viscoelastic creep can be matched with a dominant mechanism
response of Si3N4 alloys, which appears to be as follows: (l)primary creep is dominated by
responsible for both the primary creep and strain viscoeleastic deformation due to grain-boundary
relaxation transients, arises from both the visco- sliding accommodated by elastic deformation at
elastic response of the glassy grain-boundary phase grain-boundary asperities and/or adjacent grains:
itself and the sliding of grain boundaries which is this deformation isrecoverable;(2)secondary creep

614



GLASSY PHASE
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SHARCMPNETLEDGE ASPERITY

Figure 4 Model of ledge interference to form an asperity which give rise to strain whorls upon boundary slding

may. for materials with a small amount of glass. be measured thickness (< 20 A) of the intergranular

dominated by diffusiona] creep: (3) tertiary creep phase. Because ledges are also expected to be

is dominated by cavitation and will be accentuated present on all boundaries, except those formed b)y
by the suberitical growth of pre-existing cracks. As low index, crystalline planes, a sufficient number
will be shown in Part 3 [6], a fourth mechanism would exist to act as sources of strain. Dissolution
also exists which is related to oxidation-induced of the grains during diffusional creep might also

- "composition changes. be expected to be more energetically favourable
~at grain-boundary ledges, particularl)' those that

4.2. Asperities at grain boundaries form stiessed asperities. Dissolution would not

It is evident from the localization of the strain eliminate the asperity since ledge contact would be
whorls, that some sort of asperity which hinders maintained by grain-boundary sliding. Material
sliding, exists at the grain boundary. Within the at the opposing ledge interface would diffuse to
resolution Of Current TEM studies. the source of other ledges of lower chemical potential. Thus. the
the asperity was not evident. It is evident that the hypothesis that opposing ledges can act to impede
size of these asperities must be approximately grain-boundary sliding opens up many' interesting
equal to the thickness of the glassy phase between questions for further work.
the grains (i.e. < 50 A,). Likely sources are thus
crystaline second phases and ledges composed of Acknowledgement
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17

A new pol 'iphase silicon nitride alloy has been developed using Sc:-O. as a
18 densification aid. Subsolidus phase relations in the system Si-Sr-O-N are
19 reported together wit/h prelittrinar 'v oxidation and compressive creep resulzs
20 of a representative composition in the Si,NSiN2V.0-SCrSi2O- phase field
21 Microstructural observations of the material are also presented

23 DRtY,OiS work on the densification ot For preliminatry property studN. a com-
24 P silicon nitride Dowders indicates t~t im- position contnining (in molnc'fraction) n -J
25 proved high-tempcrature mechanical prop- SiN,. 0.19 SiO:. and 0.0s SC:O, ncir 11hC
26 erties may be obtained by the usec at an ox- Si,N,-Sc.Si.0, tic line in the SiN-Stc-Si.O-
27 ide producing a more refractor% -cutectic Si.O phase field was selected. Thc comn-
28 phase with SiO, (e.g. using 1YO, in place positinn wass cho-en bcause the Sc-S!,O*
29 at MgOM. Houever. problemsi such as phase is compatible with the oxidation prod-
30 cracking caused by expansion on oxidlation uct of SiN, (vi? SiO,) and because an
31 of the metal-silicon-oxynitride% (e.g. equivalent composition wsth Y2, instead
32 YrSijiONi etc.) suggest that the formioin of Sc:O3 had presiousls been studied The
33 or such oxynitrides should be avoided One powders werc milled in mcith.io with WC
34 approach is to select an oxide not likci%. to grinding nmrdia. dried, and then hot-rres;cd
35 ror qutcrrar me Li(-s iicon-ox% nii rides at 29 MPa in graphite dies. Table I lists the
36 Scaindia is a pussibilit) since Sc' has an hot-pressing conditinns. densities achiesed.
37 ionic radius 10 098i nml similar ito Mg-- and and the observed phases. As indicaited. the
38 Zr'". both of which do not form mixed theorctical dcrsit-, of 3.21 gecm culd be
39 metal-siicon oxynitrides. In other respects achieved in 2 h atI 1800'5C. but a 4 h hold
40 the silicate chemistry oit Seli is very sintilar was required to nearly complete the nv-i
41 to Yl*; the Sc:O,-SiO1 phase diagram is phase tra nformalsion. The slugeish densi-
42 almost identical to the VI0-SiO, diagram.' fication nnt transformation kinetics of this
43 For these reasons, an investigation was ini- composition a-, evidenced by these results
44 tiated to determine the subsolidus phasec re- relative to other Si,N,. systems could be in-
45 latiorts and properties of poisphase mate- dicative of high euteetic temperature.% sith-'146 rials densified in the system Si,N,-ScCO.- in the system Si,N,-Si0:-Si',.
47 SiO,. Specimens for preliminary oxidation
48 To determine the phase irclation' coot- and compressive creep experiments were
49 positions formed with SiN... ScAJ and diamond cut and ground from the billt hot-
50 SiO, were hot-pressed in graphite dies fronm prsed at I F000C tar 4 h.
SI 1600 to 1800'C. X-ray diffraction povsdcr After 1.85 h of oxidation in air at
52 anaysis was used to identity the constituent 1400'C, the specimen had a slight patina
53 phnases and established the subsolidas phase and had gained 4 4X i0-1 kg m'- Assum-
54 relations. As shown in Fig. 1. no quaternary ing that the oxidation followed parabolic
55 compounds were observed, and ubsolidu,, kinetics (as dii samples denstied with %ICO
56 tic lines only exist between Si,-SkcO,. or Y1O,). the weight gain correspionds to a

57 SN~e1 S.O~.andSciOSi..O.parabolic rate constant ot -- 2X10
58 ScSiO, previously reported. was not ob- kg1 m '.-' 2 a value -40ntmes lower than
59 served in the present study. commercial HS1 30 Si,N.i The oxidired

surface had a glassy appearance and by
EDAX was enriched in the elements Ca. Fe.
and Al with a trace of Na.



I Thc C(ImpreeSsiVe creep measurements junctions, as illustrated by the dark held
101 were conducted in air at 1400*C using the micrograph of Fig 4 in addition. few large
102 method described previous for thc MGO pockcis of glass were seen. suggesting that
103 densified SiN 4  i. At all stresses, an the volume fraction of noncrystalline phase
104 apparent steady-state creep rate was ob- present was miall
105 served after a short period of primary creep. in conclusion, a new and interesting
106 Thc results using a single specimen which polyphase SiN, material h;1% bcen des'el-
107 was deformed at succcssivelN increasing opcd Preliminary otbservatiOns %hosw that its
108 strcsscs (170 MPa to 550 NIPa) ire pe- oxidation and creep rc,.isiance are sign~fl.
109 sented in Fig. 2. These data. plotted to dc- cantly better thin other ponlspha,;c Si,Ni,
110 termini: the stress exsponent (n) in the em- materials As ep~cicd. densjifioons is
IIl pirical rcain;7 sg~l that n t 1.2 Sish. prcsuirriabls due to the refractory ra.
112 at stresses <2h5 MPa and n =3 3 at larger ture of this ssstcm oic high eutcce.ic or
113 stresses. Based on previous creep studies, melting tcercr-urcsl tn common with
114 with SiN./NMgO and SiN,/YO, mate- other pul~phasc SiN, matenaits. a contin-
115 rnak. these stress exponents suggest that the uous. iriteranular gassv phase is present
116 1400*C. ceep is dominated by diffusional although there arc indications that its sot-
117 processes at low streqsses <275 M Pal and ume friction is significani! smallet Fur-
118 by cavitational processes at higher stresses. ther propert) improvements ar- specteo
119 The density of the specimen prior to and from processing refinemencrts'
120 after the creep experiment was 3,2118f

4+4 Qnfl3 g crm- and 3.1397±20.0003 g q_

J.- ()respcetivel%. This decrease in densitN
123 T2.3-,) is appriisimatcl half of the total
124 creep strain (3 977r.) measured ove the
125 specimens% entire stress histor and z=757'
126 of the erect, strain measured at stresses
127 !1279 MWa. Thus, as indicated b% the high
128 stress exponent (Fig 2). it can be cr'ncludel
129 that thc creep strain is dominaited b% eavi-
130 tational processes at stresses _ 275 1- Pa.
131 Further, it should be noted thit the
132 creep resistance of the present Sii\,/Sc -0
133 materia! is I to ZZorders of magnitude su-
134 perior to that of the SiN.,'F NiOmaterIils
135 previously ex~imincd
136 The mierostrueture of the chosen
137 SiN,,'Sc0Q, initerial was esarnincd for the
138 presence of an intergranular glass phasec and
139 an) additional phases using the techniques
140 of high-resuluiiort clectriin microscopy and
141 analstic:al electron microscopy Figure 3 is
142 a repr-.sentative dark field transmission
143 electron micrngraph of the microstrueture.
144 The bright phase is crystallne Se.,Si..O. and
145 the phise appearing dark is 8-SiN,. As with
146 the microstrueture of the 11,,Y0~a-
147 lays' the secondary phase (ScSi:0O-) ap-

S148 pears to cnselope and surround the stlicon
149 nitrtde grains In addition to the highly pris-
ISO matic morpholog) of the silicon nitride

151 grains, this suggests that the silicoin nitridte
132 recrystallized out of a liquid phase at high
153 temperature. Observations by d;irk field and
154 defocu% imaging techniques' reveal the pres-
155 ence of an etremek thin I - I nm) and con-
156 tinuous intergriniilar phase at both the
44- Si,N,/SiN, and SiN,/Sc.2 Si. grain
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APPENDIX 10

COMPRESSIVE CREEP AND OXIDATION RESISTANCE OF A
Si3N4 MATERIAL FABRICATED IN THE Si3N4-Si2N2O-Y2Si2O7 SYSTEM

F.F. Lange and B.I. Davis
Structural Ceramics Group

Rockwell International Science Center
Thousand Oaks, California 91360

and

H.C. Graham
Air Force Materials Laboratory

Wright-Patterson AFB, Ohio 45433

ABSTRACT

The compressive creep behavior and oxidation resistance of a Si3N4/

Y2Si2O7 material with a composition 0.85 Si3N4 + 0.10 SiO 2 + 0.05 Y203 was

determined at 1400 0C. Diffusional creep was dominant for compressive stresses

< 310 MPa; cavitational creep dominated above this stress. A pre-oxidation

treatment (1600°C/120 hrs) significantly increased the creep resistance. A

parabolic rate constant of 4.2 x 10-11 Kgm 2 "m -4 "s'1 indicates excellent oxida-

tion resistance. These results are discussed relative to previous work.
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1.0 INTRODUCTION

Polyphase Si3N4 densified with the aid of Y203 can contain unmwanted

crystalline phases, viz. Y2Si3O3N4 , YSiO 2N and/or Y5 (SiO 3 .67N.33 )O, which

*readily oxidize at low temperatures; this increases their occupied volume and

causes surface stress to develop which can eventually lead to cracking and

general material degradation. (1 ,2 ) Within the Si-Y-O-N system, this problem

can be averted by fabricating compositions in the Si3N4 -Si 120-Y 2Si207

compatibility triangle which avoids the unwanted phases.

Previous property measurements of materials with compositions within

this desired compatibility triangle show significant improvements relative to

commercial material and polyphase materials fabricated in other systems.

Andersson has reported 9lextural strengths in the range of 480-550 MPa at

14000C.(4) Preliminary results have indicated that the oxidation resistance

of these materials are in the range observed for CVD Si3N4 .
(I ) Oxidation does

not produce strength degrading surface pits in these materials as found for

co merical Si3N4/MgO materials.
(5 ) Based on these interesting results, high

temperature compressive creep and oxidation measurements were conducted so

that the properties of these new Si3N4 materials could be better understood.

2.0 EXPERIMENTAL

The composition chosen for study lies on the sub-solidus Si3N4-
Y2Si207 tie line and has a composition of 0.85 Si3N4, 0.10 SiO 2 and 0.05

Y203- Composite powders were milled with WC media and methanol in a plastic

bottle. The powder was hot-pressed at 1780*C, 28 MPa for 2 hrs. XRD showed

that the dense material contained a-Si 3N4 and a-Y2 Si 2 07 .

Creep experiments were performed in air at 14000C in the same manner

described previously. (6 ) The creep behavior was examined for the material in

both "as-cut" and oxidized (1600*C/100 hr) states.

2
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Thermal gravimetric analysis was performed at 14000 in 150 torr of

oxygen, using a pre-mixed 02/Ar gas at a flow rate of - 75 cm3/min previously

dried by passing through activated alumina and magnesium perchlorate. The

polished, rectangular specimen was hung in the furnace with an A1203 fiber.
>

3.0 'RESULTS

3.1 Creep

The strain-time behavior of all specimens was indicative of a short

primary stage followed by an apparent steady-state stage; a tertiary stage was

not observed within the stress/time regime of the experiments. Observations

at 14000C indicated that the material was not as susceptible to the oxidation-

induced creep-hardening effects previously observed for Si3N4/MgO materials.

Namely, steady-state creep rates were observed for periods up to 24 hrs and,

once sufficient time had elapsed for anelastic recovery, the same creep rate

was obtained at a previously examined lower stress after an extensive period

at a higher stress. For this reason, the pre-oxidation treatment was

performed at 16000C.

Figure 1 summarizes the compressive creep behavior of the as-cut and

pre-oxidized (1600/120 hrs) material, determined over the stress range of 140

MPa to 550 MPa using the empirical relation

=Aun (1)

*! Data for both as-cut and pre-oxidized materials resulted in a stress exponent

n = I at stresses < 310 MPa and n = 2 at stress > 310 MPa. The pre-oxidation

treatment at 1600 0C was found to improve the creep resistance.

3.2 Oxidation

Figure 2 summarizes the weight gain vs time data observed at 150 torr

02 at 14000C plotted for assumed parabolic rate law. A measurable weight

3
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change was not recorded in the initial 10 hr period. After this initial

period, the oxidation behavior was slightly greater than expected for a

parabolic rate law. A slight reaction with the A1203 fiber was noted by the

glassy appearance of the surface adjacent to the hole in the specimen. This

may have adversely contributed to the oxidation results. Assuming a parabolic

rate law, the parabolic rate constant was calculated to be 4.2 x 10-11 Kg2 "m-4 "s"I .

An examination of the oxidized surface by XDA showed that the nearly

transparent oxide scale consisted of highly textured $-Y2Si2O7 (ASTM 22-1103)

and c-crystoblite. Observation of the a-Si 3N4 substrate as a major phase in

the diffraction pattern was indicative of the very thin oxide scale. The

concentration of the Y2Si207 in the scale was greater than that observed

within the bulk material, suggesting the diffusion of Y to the surface during

oxidation. Observations of the oxide scale in the SEM revealed prismatic

crystals on the surface which contained high concentrations of Y; these

crystals were presumably Y2Si2O7.

4.0 DISCUSSION

4.1 Creep

The creep resistance of this new material Is certainly better than

the Si3N4/MgO materials previously examined.
(6 ) The further improvement after

an oxidation treatment suggests that compositional changes are occurring close

to the surface which decrease the volume fraction of the glassy phase as

previously observed for the Si3N4/MgO materials.
(7 ,8)

At the lower stress regime, the stress exponent of n = I suggests

that diffusional creep is dominant, whereas at higher stresses, the higher

stress exponent (n ' 2) is indicative of cavitatlonal creep. Transition from

creep dominated by diffusion to cavitation appears to occur at - 310 MPa. This

transition has been predlcted; (6 ) although diffusion and cavitation are con-

current phenomena, theory indicates that cavitation will be more pronounced at

high stresses. The observation that the transition stress is not significantly

C/3237Afcb
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affected by the oxidation treatment might be related to the fact that the

apparent compositional change which results in improved creep resistance only

occurs near the surface and that the bulk of the material exhibits little or

no compositional change during oxidation.

4.2 Oxidation

The parabolic rate constant of 4.2 x 10-1 Kg2 m-4 "s-I is 20 times

lower than that previously reported for comnerical HS130" at 14000C.( 9 ) it is

also lower than values measured for other polyphase Si3N4 materials determined

at 1400 0C.

Clarke and Lange (8 ) have shown that the parabolic rate law exhibited

by Si3N4/MgO materials is due to a compositional change that takes place in

the bulk just below the oxide scale. This compositional change is due to the

diffusion of Mg and impurities from the bulk into the oxide scale. Cation

diffusion to the scale is caused by the attempt of the glassy phase to equi-

libriate with the SiO 2 formed on the surface through the oxidation of Si3N4.

The effect of the compositional change is to decrease the volume fraction of

the glassy phase which is the path for fast diffusion of oxygen and oxide

products (viz N2 ). Similar phenomena are expected for other polyphase Si3N4

materials.

Enrichment of the oxide scale with yttrium, as observed by the higher

concentration of Y2Si207 in the scale relative to the bulk, is proof that

yttrium diffuses to the surface during oxidation. Since the Y2Si207 crystal-

line phase in the bulk is compatible with Si0 2 , there is no driving force for

the Y in the Y2Si207 crystalline phase to diffuse to the surface. On the

other hand, the composition of the glassy phase, expected to lie in the Si3N4-

Si2N20-Y2Si207 compatibi-ity triangle, is not in equilibrium with Si0 2. Thus

there is a driving force for the Y in the glassy phase to diffuse to the

*Norton Co., Worchester, Mass.
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surface. The improved oxidation resistance of the Si3 N4 /Y2 03 material

examined here is believed to be due to the lower amount of glassy phase

relative to other materials, as indicated by the crystalline Y2Si2O7 observed

within the bulk, and the higher viscosity of the glassy phase, as indicated by

the higher eutectic temperature (- 1560°C) (10 ) for the compatibility triangle

in which the material is fabricated.

Despite the improved oxidation resistance of the current material

relative to other polyphase Si3N4 materials, it should be noted that the

parabolic rate constant for CVD Si3N4 is - 10-1 3 Kg2"m- s- at 14000C. This

indicates that significant improvements can still be sought.
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Fig. 1 3teady-State creep behavior as a function of applied com-

pressive stress at 1400
0C in air for an as-cut and pre-oxi-

dized (1600'C/120 hrs) material with the composition: 0.85
S; 3 N4  0.10 SiO 2 , 0.05 Y203 .
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Compressive creep of Si3N4/MgO alloys
Part 3 Effects of oxidation induced compositional change

F. F. LANGE, B. I. DAVIS, D. R. CLARKE
Rockwell International Science Center, Thousand Oaks, California 91360, USA

A comparison of "creep" resistance in as-fabricated and pre-oxidized specimens of
different Si3 N4 /MgO alloys shows that pre-oxidation not only significantly reduces
the apparent steady-state creep rate, but can also change the stress dependence from a
non-linear to a linear behaviour. This phenomenon is discussed in terms of compositional
changes induced by oxidation.

1. Introduction oxide surface scale was dependent on composition,
During the course of this investigation of the but was never > 50mim. Because the oxide scale
compressive creep behaviour of four Si 3N4 fMgO is partially liquid at 14000 C [2]. it is not expected
alloys, it became apparent that oxidation was to support load. Inclusion of the oxide scale thick-
significantly affecting results (see Part 1, Section ness in the specimen dimensions used in calculating
3.1) [1]. i.e. oxidation appeared to produce a the applied stress, thus resulted in a small error
form of strengthening. Results of an independent (- 37c) for the assumed applied, compressive
investigation of the oxidation behaviour of the stress.
same alloys showed that oxidation produces a Compressive creep testing was performed at
compositional change because of the diffusion of 14000 C in air as outlined in Part 1. Section 2.
oxygen into the bulk and of nitrogen, magnesium After testing, representative specimens were
and impurities out of the bulk [21]. Since the creep sectioned so their gross compositional change
behaviour of the Si3N4/'MgO alloys was found to could be determined by using X-ra diffraction.
be significantly affected by composition [1], it Unlike the unoxidized specimens (Part 1.
was suspected that the apparent hardening effect Section 3), the pre-oxidized specimens exhibited
was being produced by oxidation-induced com- an extensive period of steady-state creep. Within
positional changes. Experiments were therefore the time frame of each experiment (- 25 h at each
planned to illustrate this effect. stress)* the strain rate was constant over the last

807 of the period before the specimen was
2. Experimental details unloaded. Periods of primary creep and strain
Specimens (approximately 03 cm Y 0.3 cm x 0.9 recovery were also observed for each composition.
cm) were diamond cut from Si3N4IMgO alloy Tertiary creep was not observed.
compositions A, B and D (see Part 1, Fig. 1). The empirical equation relating the steady-state
The series of specimens for this investigation were creep rate (i) to the applied compressive stress (o)
pre-oxidized at 14000C for lO0h prior to the
creep experiments. For comparative purposes, one

specimen was diamond ground after oxidation so was used in analysing the data. The log-log plots
that material was removed to a depth of 0.1 cm of these data are shown in Fig. I along with the
from all surfaces. The oxide surface layer was not data for the unoxidized specimens previously
removed from the other specimens. Sectioning presented in Part I of this series [1]. As shown,
after testing showed that the thickness of the the pre-oxidation treatment significantly improved

The test period was designed to be shorter than the pre-oxidation period so that significant changes in the material.

due to an added period of oxidation during testing, could be prevented.

616 0022-2461/80/030616-3$02.30/0 © 1980 Chapman and Hall Ltd.



COMPRESSIVE STRESS (iOpsd X-ray diffraction data of sectioned, pre-oxidized

20 30 40 50 60 so specimens revealed the presence of Si2 N2O in
102 1 1 / 1 materials B and D that was not present in the

as-fabricated compositions (Part 1, Table I). This
/ observation showed that the pre-oxidation treat-

/ ment shifted the bulk composition toward the
Si2N2O end member of the Si 3 N 4 -Si 2N20-Mg2

5 , / SO 4 compatibility triangle in which the initial
0 materials were fabricated.

/ / 4. Discussion
Conclusive evidence is presented which shows that

/, a pre-oxidation treatment can significantly improve
/ / 7the creep resistance of Si3N4/MgO alloys as

/ suspected by earlier work in this investigation II].
The effect of oxidation on composition changes

/o -03 and the effect of compositional change on creep
_ / // behaviour will be the subject of discussion.

cc 0 411 An independent study of the oxidation behav-
/ _iour of the complete compositional series from

which the materials reported here were taken. has
resulted in the following conclusions 12] with

* respect to the current study:

1400
0
c AIR ()oxidation not only results in the formation

17 of a relatively thin, friable surface scale, but also
results in a compositional gradient that can pene-
trate deep into the bulk:

(2) the compositional gradient is a result of the
- diffusion of oxygen into the bulk and of nitrogen.

magnesium. and impurities out of the bulk:
104 [diffusion is presumed to occur within the glassy

10o 200 400 600 interphase. The Mg and impurities (Ca and Fe) con-

COMPRESSIVE STRESS IMP: centrate in the surface scale: the bulk is depleted
of these same impurities:

Fgur'c I Lou-log plot of apparent stead% -state creep rate (3) for materials studied here. Si2N 2 O is the
versus compressive stress for SiN,'MO alloy compxo- major phase at the scale'bulk interface and its
sition, A. B and D in the as-fabncated states (broken concentration decreases as the centre of the bulk
inesi and their pre-oxidized states (t4O( C, 200h), is approached.
n is the stress exponent for creep rate These results show that oxidation causes com-

positions initially on the Si3 N 4 -Mg 2SiO 4 side of
the creep resistance of all alloys. Greatest improve- the compatibility triangle to shift toward the
ment was achieved for compositions B and D. The Si3N4- Si2N2O side: the shift is greatest as the
strain rate for all the pre-oxidized compositions scale/bulk interface. Depending on the specimen
was linearly related to stress, indicating the domi- thickness and the oxidation kinetics (time and
nance of diffusional creep as the persistent mode temperature) the compositional shift can be
of deformation [I]. Data for the pre-oxidized significant at the specimen centre. Interpreted in
specimen which was surface ground to remove another manner, oxidation causes the initial corn-
the oxide scale was similar to the data for speci- position to shift away from the ternary eutectic,
mens in which the scale was not removed. This i.e. the glass interphase acts as a fugitive phase
observation indicated, as expected, that the surface during oxidation.
scale was not responsible for the improved creep When these results are applied to the present
resistance. study, it is evident that a pre-oxidation treatment

617



of 1OOh at 14000 C for the specimen size used study. Study of this effect will be important not
in the study was sufficient to cause a significant only for defining the explicit creep hardening
shift to compositions that exhibit predominantly function, but also for using this phenomenon to
diffusional creep. This is demonstrated by materials improve the creep resistance of poorer quality
B and D. In their as-fabricated state. cavitational materials.
creep was dominant [I], in their pre-oxidized
state, diffusional creep was dominant. This shift in Acknowledgement
creep behaviour is consistent with the shift in their This work was supported by the Air Force Office
integrated composition and the observed com- of Scientific Research under Contract No. F49620-
positional effect on creep behaviour as detailed in 77-C-0072.
Part I [I]. The unchanged deformation behaviour
(with regard to mechanism and not creep resistance) References
of composition A is also consistent with this view. 1. 1. . LANGI . B. I. DAVIS and I). R CLAHKI .

Details of the effect of the compositional gradient J. Mater. Sc. 15 (1980, 601.
produced by oxidation on the mechanics of creep 2. ) R CLARKI- and . -. LANGE. to be published

deformation have not been explored in the present Received 5 July and accepted 28 August 1979.
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Development of Surface Stresses During the Oxidation apatite An indentation technique* was used in determining the
of Several Si3N./CeO 2 Materials apparent critical stress intensity factor (K.) of the material' As

detailed elsewhere.' residual surface stresses that develop during
F. F. LANGE' and B. 1. DAVIS oxidation are reflected in the K, measurement, viz. compressi.e

surface stress increased K.. Specimens kere indented prior to oxida-
tion and atier each oxidation period Ne% specimen, '.ere used at

IT HAS been demonstrated that compressive stresses can arise on the every temperature.
surfaces of SinN, materials because of the molar volume increase Oxidation of the Ce-apatite was monitored at the surface Dy X-ray
that accompanies the oxidation of a secondar% phaise I When the diffraction. Intensitiesofthe(H21 iCe-apaite/,,. .t-2.9 tA)and
oxidationconditions are optimum, the compressive surface stresses the (101 i(-Si.,N4 (1/,d = 2 66 A) dilfraction peaks were determined
can be usedto increase the apparent strengtih o the material.) On the before oxidation and after each oxidation peri, ,d
other hand. over-optimum conditions can lead to surface spalling The result, for oxidation at 400. 50U , and 60) C arc shoAn in
and vencral matenal depradation. , hich an be de, astatin: Fig 1. At all temperatures. the oxidation ot the Ce-a.atite &. as more

Silicon nitride allos densified %kith CeO, can contain a secon- rapid forthe 20than forthe I5 5%t ; composition. as indi,:;ed hs tie
dar phase vi ith an apate crystal structure and an apparent formula change in the I, , A/ internit\ ratio ,s oxidation period Likec.
of Ce.ij,OrN .1,I).O (or Ce:.(SiO, 4 N). At < 1000 C. this phase the buildup of compressive stresses at the surtace. as indirated b
oxidizes to CeO and SiO. with a volume chance of 8.4'. Initial the increase inK, vs oxidation period. ,sas also more rapid In ine 20
experiments indicated that oxidation did not result in material deg- wt", composition. If it is assumed that oxidation occur , % d,fluion
radation at 1000 C.1 Further experiments. were conducted to deter- through the Ce-apatite andor its oxidation products. this dil lerence

mine it degradation might occur at lower temperatures, can be explained b. the larger area traction ot the continuous
, To Si1 N4,CeO2 materials tabri.ated with J5 and 20 wt' CeO., Ce-apatite phase in the 20 w&t' composition

wkerv subiected to various periods of oxidation in air at 400 to Material degradation was first noted when the initialI\ flat.
" 900 C. The Ce-apatite phase %% as identified in both materials: the 15 polished surface developed an "oranee-peel' texture suc:estlve o

wt'; CeO, composition contained the smaller amount of the Ce- surface spalling observed for oxidized Si:,\ 4 /to. materials :On~e
this observation was made. further oxidation would lead to the
development of large through cracks At 4(WO C. degradation Aas
not noted for either comro,,ition w.ithin the experimental period 140

Re. ..,c i, 2 IQ'Q re. cJ , .... r.z.: 1.., 23. iQ'-' hi. At 500C. the oranoe-peel surtace texture deeloped on the 20' ~~';L-7% C,l II t i ,\l-- r F-,rte n'}fl- ,f S,,enw t, Rewedrr unuer Concrj. , ,

, Fzu,. -'- -C iy

* .,'r' rc Cir r a.n'8 iircn!5 n erer nuJ(ar len --jeJ ., n "'. MOC1,1 '.1.i~uv p 1r .r P--a C
~~~~~Cit, .:"2 iq,'6( osdatri, trcaimen% -,2d:,,)n ,clW lsrne, It 'ubstjctfn 'ne -.r "d n:.

0  
itr.: .

"%cr, 1 Am='ran Cc:AI-. - o Sa--,, lengt' a-. a Jite siP. te ndc"idt,
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- ~ A Review of the T Phase

S. L. SARKAR and 1. W. JEFFERY

.~, ~ ~A Nkw single phase devoid of am, solid solution and termed the T

- phase was reported h% Gulf He suggested at molar composition of
~~~744&3I-~~ %~-' d .6(2CaOSiO.,i-4.4('CaOMgO2SiO 2 ) for this phase in the system

S 2CaOSiO 2-3CaOMgO2SiQ2 Sharp ci a! 2 also detected a new
.i~ta.phase in basic arc-fumaLe Slag, very similar to that of Guit. The

411 I .ot abo strongest lines Of Shar-p t al 's phase were in accordan.c with

~ eonfirmcd his findineps.

I- ~ ~ 411 ~- . Midoe-Y dieti-nmiied the cell parameters of the T phase as
10 ", z7 10 lK IX - 10-". =664 - 10-" m. space eroup

'Woo.~Pin, ii. The sample prepared boo Guti' was reinosestigated b\, the
-''-~ I-present whriters b,. X-ra% powder photouraphN using at focusing

~ L. .--- i ~ ~ -~.:; 1n-i camera.' A microdensiiometer trace of the phoiograph is uisen in
~ ____________ _ j__ Fig. 1. together wiii the indices obtained. stariing w ith M idvle%'s

Fig. .1 Protuino C-ioidaimn productson the surfaceof a20 " v cell but using iterazise refinement (Table 1) The retined ortho-
CeO.SiN looxdzdn ai rat 'i(U) C ior -5min Noie uplifted s's\. rhombic lattice dlimensions arc ij s l 10,95- 0 02X j, 10-
grain, as indicaied b) displj ed grinding sratches h=(18 638=0.04h), 10-1". ,=(6.8010 01 i - 10-" M,

Biggar."' ho sugttested acomposition Ca-,gSi ,O,. iC-,.MS, itoe

bredivite. claims that the T phase ofGun' and the phase reported b%
Srp1,/2are identi~aJ with bredigite Gulf.' 'from his studies on

* w-t'; compo~sition after S-h expmsure At16()C. thc 20wt';compo- the binars sVstem C2S (dicalcium "ilCate. Ca2SiO1i-C'1MS3 liner-
sition contained man% through crac:ks after 8 h. and the 15 w'; win ite. Ca,1gSi.O~i. demonstrated a finite fteld for the T phase.
compositioin had an orange-peel surface. Crac:ks des eloped iI hi which he claims coexists in adia~ent fields with an o' form of

in boh maeral ji 00 Cdicalcium silicate and merss mite
In general. the oringe-peel texture deseloped ss hen K,, was -9 Bredig" considereJ mcinite' to be an M 2-substituted calcium

NIPa m - ceInsistent ss ah similar obsersations for Oxidized SiN 4 orthoisilic:ate. priibahk the a' pols'morphi of C S The e)sfaI struc:-
ZrO. materials: Thus the obsersed decrease mnA, aftcr achies inc_ a lure of merv, mnite wha' determined b> Yamacuchi and S'uzuki4 and

a.value of 9 1P~im' is bceesd tbedueto the releaeofsrtc NMoore and Araki'" the% show&ed, on structural grounds. that mer-
stresses h% spallmic winite cannot he regarded as a polkmorph oftC.S stabijized \ \Ig

clecmn crocp\SE~ wasuse toesamnethe On the grounds oif crsstallochemmicai e\sidence. i.e the similarit% of
unoxidi/ed and oxidiize d spec:imens. Surfaces w4 i the orang--peel space groups and ce'll parameters .Mme stated that the name
appearan~t: %4ere co~n:irmed it, Contain cjrackoos nrfeh paralle)J to the bredmere should not be confined to the composition CSM\S,. but

nialfltsurfac W)C rtuin eeosre od~lpo h shoul'd be regarded as the name given to a room -temperature minor-
showin figt surfce atter shor periods 5 mini of oxidaion As ion stablized form 01 CL'-CS. Gulft and Nurse." ho\&cser. are of

shon i Fi 2.these protrusions appeared to, decorate grain the opinion that it would be undesirahle toi use the name bredmite for
boundaries and triple points. %iz locations where the Ce-apatie both CMS, and tAi -C2S. esen thomugh it seems likels thatitries tom
phase as identified* on unosidized specimens. The protrusions a solid solution series
wereCc-ric:h. a' determined ktishaindm'piersisc \-ras% analosis in Sin:e onks enouci material was asailable tsr an X-ra powder
the SEM Note also in Fig 2 that some Si,, grains appear up lificcd. pht 'ah electro n~ormeo -a loecneaasi
ats indicated h\> the displa~ed igrindng scratches Indis idual prioiru- could not be condluied tin ihis controsersial phase to detemriin" Is
sions ss err nio linger disi in-oishable for linger periods i(- I hi of1 elmna -psto hrtr.n einite conclusions Can
oxidation at colfl( C is a veneral Cc-rich surf ace scae 'elopcd No presently- be drass n. Seseral questions still remain. (ti the simnht-
protrumions were noted ii lower temperatures

These ibsersafions show ihat the preferential oxidation of the _____

Ce-apatite secondar\ phase results in the desclmpment of comprc,- R1.. I Z ''

sise stresses at the surfac Prtuloncd 0XILdatmimn ait -900(~ C results Aiis, i-, ,-4 -d-, L n s .r,-.r i s ' rn' 1

in surface spalling and crackin, -At higher temperatures. these Mph HL,, irhe k t , r. nii \\C I's- H\ it, ,cj .Ds Iss L. Ic,,,,,~ ,n.

stresses, appear fi be smimew haf reiesed h\ the exrusiomn uftihe Mi.i.f-5. sn [.cno~-. $55 - 'Rl I wi,d ,,-.
oxide product from the inferior to the surfac.e. consistent w ith the osn,if G.uiiie wir Enral sinius. Dell, Is. Nctneri..nd-

fact that degradation is not observed limr prolonged oxidat ion periods
at IO(K) C

It must be: concluded that the Sm-,N,.ICeO., materials insestipatul
here would not he useful high -temperature structural material' w-hen
placed in an oxidizing temperature gradient which includes the
critical temperature ranve of 4WK loi 4(0i C. Extensiion of the extru-
sion phenimnienfon to muc h lower temperatures would be necessaur\
for thiso prohlcni to he itocrcomc. *

7T phase
Thc smu di'icc,ei aims noutrnbe Nircn Cc And Sor niaac tx.,- iii ph,.'-

niamiis-St \i Pmh .. , .- rni- h, EL.1-5
c ae n-r,.-,. Suo, -~ sir,. iir'coned ' Ccramms. iih, in -

Ossiai. -m n j ) f'rass ( iaine, ic, tin punihi J in m',, -'- i.- . ,- 1 . , Z- t

* F I' Lun so C S,n,,t And R C Kuu/, kib - Pie Rciaiu,n% ammj siatiuirm * '

Stumd-s Sit. N, Si..o, i,seuilernamssimmmi 1r (,' r .-,,, s- 1W~iI~lF . ~ *O
-~~~~~' %m%-e.,S( iem. ,-

3F F- Lamn tNCe0 S. iimal. Phase ReiAtioiis amidSi'-- tgib".1oN:
puhusimed un Iii, 4i,,,-o ( , ,., , 1, i inl 1,," 0.

*A G E %an. sad E -L harmo, - or, -mi urn ttumvhnesu Deemnmmnaion% i's Indenta
tonl.' J 4. 1 1. 1- 5' m l 171 ~ i9 i76, Fig. 1. Microderinieter ae of the T phase
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